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Time-resolved photoluminescence (TRPL) measurements paired with steady-state 
photoluminescence (SSPL) measurements can help to determine the PL lifetime, shape and 
position of unresolved bands, capture coefficients, and concentrations of free electrons and 
defects. PL bands that are obscured in the SSPL spectra can be accurately revealed by TRPL 
measurements. TRPL measurements are able to show if the PL band originates from an internal 
transition between different states of the same defect. The main defect-related PL bands in high-
purity GaN grown by hydride vapor phase epitaxy (HVPE) which have been investigated are the 
xiii 
 
ultraviolet, blue, green, yellow and red luminescence bands (UVL, BL, GL, YL and RL, 
respectively). The concentration of free electrons can be calculated from these measurements 
providing a contactless alternative to the Hall effect method. The lifetime of most defect-related 
PL bands decreases with increasing temperature. However, the lifetime of the GL band, with a 
maximum at 2.4 eV observed in the SSPL spectra only at high excitation intensity, increases as a 
function of temperature. By analyzing the PL intensity decay, the origin of the GL can be 
attributed to an internal transition from an excited state of the CN defect, which behaves as an 
optically generated giant trap, to the 0/+ level of the same defect. This first observation of an 
optically generated giant trap was detected by analyzing the cubic temperature dependence of the 
electron capture coefficient. Excitation intensity and temperature dependent studies on Mg-
doped GaN grown by HVPE were performed. The position of the UVL (3.2 eV) peak blue-shifts 
with increasing excitation intensity, which can be explained by the presence of potential 
fluctuations. The BL peak (2.8 eV) also blue-shifts with increasing excitation intensity, and red-
shifts as a function of temperature. These shifts can be explained by the transitions originating 
from a deep-donor to the MgGa acceptor, and the corresponding donor-acceptor pair nature. 
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Chapter 1: An Introduction to GaN and Photoluminescence 
 
 
1.1  Motivation to investigate GaN materials  
Inasmuch as many have set about to compile information on the discoveries and 
understanding of gallium nitride (GaN) materials, it is fitting to compose an orderly account of 
the new understanding that has been acquired on the properties of point defects by steady state 
and time-resolved photoluminescence methods. 
GaN has a wide-bandgap of 3.50 eV at 2 K 2 and is quickly gaining momentum as an 
ideal material for numerous applications and for valid reasons. It has achieved this success partly 
because of its “high” properties – high brightness, high frequency, high voltage, high 
temperature, high efficiency, and many more. LED’s which use GaN as a base are known for 
their high brightness, and can emit light in the entire visible range by varying the composition of 
Al (AlGaN) and In (InGaN) and tuning the bandgap of the compound. Devices using GaN are 
able to withstand high voltages, very fast switching frequency, and have higher energy 
efficiencies as a result. Even more so, the wide bandgap of GaN leads to high heat capacity and 
the ability to withstand operation at comparatively high temperatures without thermal excitation 
affecting the performance of the device. The wide bandgap of GaN allows it to be very useful for 
visible short wavelength emitters and ultraviolet (UV) range detectors. The applications for this 
material seem endless as the list continues with optoelectronics, spintronics, low sensitivity to 
ionizing radiation for space usage, and long-operational-lifetime violet laser diodes. While GaN-
2 
 
based materials may seem to be the answer to many energy- and lighting-related problems, the 
base understanding of GaN and the performance thereof has far to go. Specifically, defects in 
GaN contribute to the failure of devices and to the low efficiency of emitters, and the effect of 
such is surprisingly not well-understood.  
Defects create undesirable channels of nonradiative recombination and lower the 
quantum efficiency. Defects may be intentionally and un-intentionally introduced, and can be 
classified into two broad categories: extended and point. Extended defects are those which 
spatially span much greater distances and include dislocations, clusters, grain boundaries, voids, 
surfaces and interfaces. Point defects are defects in the crystal lattice and the size of such is on 
the order of atomic distances. These include vacancies, interstitials, antisites, substitutional 
impurities, and complexes. Impurities, which are intentionally or unintentionally introduced, may 
be found as substitutionary or interstitial atoms. A substitutionary Mg acceptor in a Ga site, for 
example, is labeled MgGa and interstitial hydrogen is labeled Hi. Native defects occur within the 
host material and are vacancies (labeled VGa or VN), interstitial atoms, or antisites (such as GaN: 
a Ga atom in a N site). Finally, complexes composed of any combination of native defects and 
impurities may exist within the crystal lattice (e.g., CNON complex) and are also considered as 
point defects. The primary focus of this work is on point defects, since a more comprehensive 
understanding of the nature, origin and properties of point defects is necessary in order for 
devices and applications of GaN to ultimately perform at higher levels and achieve higher 
efficiencies.  
The GaN samples investigated in this work are grown by hydride (halide) vapor phase 
epitaxy (HVPE) and metal-organic chemical vapor deposition (MOCVD) and are freestanding 
layers or are deposited on sapphire substrates. For the purpose of obtaining n- or p-type 
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conductivity, which is necessary for diode-based devices, GaN is intentionally doped using 
elements such as Si (n-type) and Mg (p-type).  
1.2  Photoluminescence 
Photoluminescence (PL) is the spontaneous emission of photons from a semiconductor 
material after electrons in the material are excited by an energy source, such as a laser or lamp. 
Above-bandgap excitation creates an electron-hole pair in the conduction band and valence band, 
respectively, and resonant excitation excites an electron from a defect level in the bandgap to the 
conduction band or an electron from the valence band to a defect level. PL is observed when an 
excited electron recombines with a hole in a lower energy state. The energy of the emitted 
photon depends on the difference in energies of the electronic transition and the strength of the 
electron-phonon coupling.  
Conventional methods of PL have been used for decades to understand the properties of 
GaN. Specifically, PL spectra provide information on the quality of the material and point to the 
specific origin and nature of the electronic transitions. In particular, we employ two versions of 
PL measurements: time-resolved photoluminescence (TRPL) excited with a N-pulse laser (ħω = 
3.68 eV), and steady-state photoluminescence (SSPL) excited using a HeCd laser (ħω = 3.81 
eV). 
In SSPL, the laser continuously generates electron-hole pairs in the active region of the 
GaN layer which then recombine through both radiative and nonradiative channels. A 
monochromator analyzes the energies of PL produced by the sample, and the PL intensity is 
plotted as a function of photon energy. The PL spectra reveal information regarding the excitonic 
emission and defect-related emission. Analysis of these PL bands provides very useful 
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information for determining the properties of defects and the absolute internal quantum 
efficiency (IQE). Additional information can be garnered by varying the sample temperature and 
excitation intensity of the laser. To date, vast amounts of data have been gathered from SSPL 
measurements, and have provided valuable information on the identity and properties of defects 
to both theorists and experimentalists. However, in many samples, various defect-related PL 
bands overlap and are difficult to differentiate in terms of the shape, maximum, and zero-phonon 
line. The origin of many defect-related bands is still unknown, and fully understanding SSPL 
measurements is limited to spectra with clearly defined or well-known bands. 
TRPL measurements, which use pulsed excitation to measure the PL intensity decay as a 
function of time, provide unique information on defect-related PL bands in conjunction with data 
obtained from SSPL measurements. Since bands with different origins will decay at different 
rates, TRPL provides a useful method for resolving overlapping PL bands. TRPL measurements 
can be performed as the sample temperature is varied or the excitation intensity of the laser is 
attenuated for a wide range of intensities. A variety of defect parameters can be calculated from 
TRPL data, and together with parameters obtained from SSPL, can unveil information regarding 
defect-related PL which has previously been unknown. The theory for modeling the spectra 
acquired from SSPL and TRPL is well-developed and can calculate the essential parameters 
needed to determine the identity of the defect.  
1.3  Photoluminescence setup 
Steady-state PL is excited by a continuous wave, He-Cd laser (40 mW, ħω = 3.81 eV). 
The emitted PL is dispersed by a 1200 rules/ mm grating in a 0.3 m monochromator, then 
detected by a chilled photomultiplier tube. The intensity of the PL, Pexc, can be attenuated by 
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using neutral density filters with an unfocused laser beam (dia. = 4 mm). The range of excitation 
intensities can be varied between 72 10 to 0.2 W/cm2. If the laser beam is focused to 0.1-0.2 
mm, then intensities can reach 200 W/cm2. A closed-cycle optical cryostat and a high-
temperature cryostat both from Janis Research Co. are used to study PL in the range of 13 – 
330 K and 100 – 650 K, respectively. A diagram of the experimental setup is shown in FIG. 1.1. 
 
FIG. 1.1: A diagram of the components of the PL system.  
A useful parameter of a particular PL band is the absolute IQE,  . As is shown in 
previous works, 3,4  the absolute IQE is defined as /
PLI G  , where PLI  is the integrated PL 
intensity from a particular PL band and G  is the concentration of electron-hole pairs created by 
the laser per second in the same volume. To find   for a particular PL band, we compared its 
integrated intensity with the PL intensity obtained from a calibrated GaN sample.    
Time-resolved PL is excited using a nitrogen pulse laser, with ħω = 3.68 eV, and the 1 ns 
pulses occurring with a frequency of 6 Hz. PL decay is analyzed using an oscilloscope, and the 
samples are mounted in the same cryostats as in the SSPL measurements to study the TRPL for a 
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wide range of temperatures. Each PL spectrum is corrected for the optical response of the system 
by comparing the spectra with the standard spectrum of a tungsten lamp.   
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Chapter 2: Theory and Models of Photoluminescence 
 
 
 
2.1  Steady-state photoluminescence 
 A light source which emits above bandgap light can be used to excite PL in 
semiconductors. A laser can be used to generate a continuous number of electron-hole (e-h) pairs 
per unit volume, per second, and this rate is defined as G. Carrier dynamics and recombination 
behavior are greatly dependent on temperature, the concentration of free electrons, n, and holes, 
p, and on the concentration of donors, ND, and acceptors, NA, within the bandgap.
 5 Typical 
electronic transitions within the bandgap are shown in FIG.  2.1. The generation of electron-hole 
pairs after the sample is illuminated with above-bandgap light is indicated by an upwards arrow. 
Recombinations of these pairs may occur from the conduction band to the valence band, which 
are so-called band-to-band transitions. Alternatively, excitons may be formed, and after 
annihilation will produce PL emission equal to the bandgap minus the binding energy of the 
excitons (~ 25 meV for GaN).5 The topic of excitons is well-studied and is mostly beyond the 
scope of this work.  
Defect-related emission usually occurs due to electronic transitions between the 
conduction band and defect levels, or directly between defect levels. At low temperatures and 
under illumination, electrons are quickly captured by positively charged donors and holes are 
captured by negatively charged acceptors. Defect-related emission at low temperature is mostly a 
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result of electrons transitioning from shallow donors to acceptors, called donor-acceptor pair 
(DAP) transitions. 
 
FIG.  2.1: Diagram of electronic transitions in GaN with a bandgap, Eg = 3.50 eV. Electron-hole pairs (e-h+) are 
created by above bandgap light, and recombine through various channels. Labels are as follows: acceptor level, A, 
donor level, D, non-radiative defect, S, conduction band minimum, EC, valence band maximum, EV, free 
electrons, n, and free holes, p.  
Transitions involving deep donors in n-type semiconductors are less likely to contribute 
to the PL spectrum because acceptors usually capture photo-generated holes much more 
efficiently than donors, if the concentrations of deep donors and competing acceptors are 
comparable. As the temperature increases, sufficient thermal energy is supplied to ionize the 
shallow donors, and recombination then occurs mostly from the conduction band to acceptors 
(eA transitions). A further increase in temperature will ionize the acceptors. When holes are 
ionized from a particular acceptor, this recombination channel is said to be quenched, in that the 
intensity of PL from the acceptor will decrease as a function of increasing temperature. The 
ionized holes will be redistributed to other channels of recombination which may include the 
same acceptors or other deeper radiative and non-radiative channels, with concentration NS. 
An example of PL spectra for undoped GaN taken at T = 20 K is shown in FIG. 2.2. The 
defect related emission begins with the ultraviolet luminescence (UVL) band with the main peak 
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at 3.26 eV and the phonon replicas at 91 meV away from the main peak. In this spectra, blue 
luminescence (BL), yellow luminescence (YL), and red luminescence (RL) are also present with 
the main peak of the BL band found at 2.9 eV, 2.2 eV for the YL band, and the maximum of the 
RL band residing at 1.8 eV. 
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FIG. 2.2: PL spectra of several undoped, HVPE GaN measured at T = 18 K. The defect-related PL peaks of the 
UVL, BL and RL bands are as labeled. 6 
Numerous defect-related bands can be observed in GaN, depending on growth conditions of the 
layers, polarity, doping levels, and the concentrations of impurities. FIG. 2.3 gives an example of 
observed PL bands in undoped GaN and FIG. 2.4 gives theoretical predictions for the transitions 
which are responsible for PL. 
With increasing temperature, the PL intensity decreases which is called the PL 
quenching. The slope of the temperature dependence plotted in a form of Arrhenius plot often 
reveals the activation energy of the related defect. If the quenching of a particular band occurs 
within a small range of temperatures and with a change in the PL intensity of a few orders of 
magnitude, the quenching is said to be abrupt and tunable quenching (ATQ).3  
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FIG. 2.3: Normalized PL spectra representing the most common defect-related bands observed in undoped GaN 
at T = 18 K.7 
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FIG. 2.4: Theoretical predictions of the PL transitions in undoped GaN. Thermodynamic transitions are 
expected to correspond to the zero-phonon lines, and are shown with horizontal bars. Vertical arrows indicate 
optical transitions and their correspondence to the observed PL bands in GaN. Transitions via the VGa and 
VGaON defects are most likely nonradiative. The XH center may be the CNONHi or CNHi complex.8 
This is caused by ionized holes from the acceptors being captured by deep nonradiative defects, 
thereby redirecting the radiative recombination to nonradiative channels. The excitation intensity 
of the laser used for PL measurements can be attenuated by many orders of magnitude by using 
neutral density filters. At low excitation intensities, the dependence of PL intensity on the 
excitation intensity is linear for most defects. At higher excitation intensities, the defects become 
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saturated with photo-generated holes, and the quantum efficiency of the channel will reach 
saturation. 
A. Rate equations of PL  
Simple rate equations of the carrier dynamics under continuous illumination can be used 
to model the data obtained from PL spectra. To begin our consideration, we assume an n-type 
semiconductor with a concentration of donors, ND, with ionization energy of ED. In dark, there 
are free electrons with concentration n0, and acceptors, NA, with ionization energy EA, are 
completely filled with electrons below the Fermi level. Of course, there are no free holes, p0, in 
dark, in a wide-bandgap n-type semiconductor. Under illumination, a steady state concentration 
of free holes, p, and free electrons, n, is created by the laser with a generation rate G (cm-3s-1), 
in the volume of active PL per second. In the simplest approximation, we assume that G is 
constant within this volume, for the thickness -1, where  is the absorption coefficient, and G = 
0 beyond this region of absorption. The total concentrations of free electrons and holes under any 
condition are given as n and p, respectively. 
To describe the dynamics of electron-hole capture and recombination, we express the rate 
of transition as the product of the concentration of free charge carriers, the concentration of 
available empty sites and the capture coefficient of the given defect. 9,10 This provides a rate 
expression which can be used to describe the overall dynamics of the change in concentration of 
ionized defects of the free carriers. If CpA is the hole capture coefficient for an acceptor, and CnA 
is the electron capture coefficient for the same acceptor, then the term pA AC N p

 describes the 
capture rate of holes by negatively charged acceptors, and the term 
0
nA AC N n  describes the rate of 
recombination of electrons with holes bound to neutral acceptors.  
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The IQE of PL describes how efficiently the energy supplied by the laser is used to create 
radiative emission. The quantum efficiency can be experimentally determined by integrating the 
intensity of a particular PL band and normalizing by the excitation intensity of the laser. The 
intensity of PL through a given acceptor (if we ignore DAP transitions which is justified for 
T > 100 K) is given as,11  
0
0
0
PL A
nA A
N
I C N n

  .          (2.1) 
and the IQE is defined as,  
0
0
PL
ANI
G G


  ,       (2.2) 
where PLI  is the PL intensity integrated over the region of the given PL band, and the PL 
lifetime, , in the limit of low temperatures is defined from Eq. (2.1) as,   
1
0 ( )nAC n
 .  (2.3) 
We may go further to describe the change in concentration of holes bound to the acceptor 
during the process of e-h recombination:11  
0
0 0A
pA A nA A A A
dN
C N p C N n Q N
dt
   .                          (2.4) 
This expression includes the capture of free holes by negatively charged acceptors (first term on 
the right), and the recombination of electrons by the acceptor (second term on the right) which 
creates PL. In the third term on the right, we introduce a new parameter to describe the frequency 
of holes being thermally emitted to the valence band, which is defined as,  
1 exp AA pA v
E
Q C N g
kT
    
 
             (2.5) 
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where Nv is the effective density of states in the valence band, g is the degeneracy of the acceptor 
level (considered to be 2 for GaN), T is the temperature, and k is Boltzmann’s constant. Finally, 
the temperature dependence of the PL IQE, , through the acceptor is described as,11  
0
0 0
( )
1 (1 )
A
A
T
Q


 

 
.           (2.6) 
with 0 being the quantum efficiency in the limit of low temperature.  
Equations (2.1)-(2.6) can be used as the basis for modeling the behavior of the PL as a 
function of temperature or excitation intensity. By fitting the temperature and excitation intensity 
dependences, the ionization energy of the acceptor can be determined either from the standard 
theory of PL quenching,12 or from the theory of ATQ.3 
B. Configuration coordinate diagrams for PL 
The total energy of the defect system in its excited and ground state can be represented by 
a one-dimensional configuration coordinate (CC) diagram, in which the potential energy is 
represented by parabolas resembling the quantum harmonic oscillator. Two key concepts are the 
adiabatic approximation and the harmonic approximation. Since the mass of the electron is much 
smaller than the mass of the atom, their motions can be considered independently. This concept 
is the adiabatic approximation. The harmonic approximation is that the potential energy as a 
function of atom displacement, V(x) is given as,  
 
2
0( ) ( )V x x x  .  (2.7) 
The CC diagram in its ground state is shown in FIG. 2.5 and represents the total energy of the 
defect system, including the electron and nuclear energies, and the screening potential of the 
surrounding atoms.13,14,15,16,17,18  
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FIG. 2.5: Configuration coordinate diagram of defect system in (a) the ground state energy and equilibrium 
position, and (b) after excitation with 3.5 eV above bandgap light (labeled “Ground + e-h+ ”), capture of hole by 
the defect (labeled “Excited ”), and radiative recombination of an electron with the hole at the defect to produce 
PL. 
The position of the system is represented by a generalized coordinate x, since 
displacement can occur in a multitude of directions. The wave-function of the defect determines 
where the atom may be found at a certain time. The lowest energy state is represented by n = 0 in 
FIG. 2.5(a) , and higher energy levels are sequentially shown with equal spacing between the 
levels given by the quantity   the characteristic phonon energy of the defect, while the level 
n = 0 is half this quantity from the bottom of the parabola. If energy is supplied to the system 
through the form of above bandgap light, the total energy of the system will be represented by a 
second parabola shifted upwards by the amount of energy of the incident light, as shown in FIG. 
2.5(b). This is representative of the energy of the defect system plus the energy of the electron 
hole pair. When a free hole is captured by the defect, the parabolas shift down in energy and also 
laterally as the center of mass for the defect oscillates about a new equilibrium to compensate for 
the change in electronic bonds and charges.  The oscillations of the defect are in the form of 
lattice phonons and are quantized in units of  Phonon emission by the defect will be 
necessarily non-radiative. After the hole is captured by the defect, an electron from the 
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conduction band may recombine with it, causing the parabolas to shift down in energy for the 
radiative transitions and laterally to compensate for any phonons which are emitted non-
radiatively. FIG. 2.5(b) shows the respective transitions and the expected PL energies based on 
the position of the defect at recombination and thus the number of phonons emitted. If the 
electron transitions from the zero-level state to zero-level state of two parabolas, no phonons are 
emitted and the respective PL transition will be the zero phonon line (ZPL) corresponding to the 
thermodynamic transition level.  
Another interesting feature of CC diagrams is that they are capable of predicting the 
shape of a given PL band in the spectra based on the position of the PL maximum, the ZPL, and 
the average number of phonons emitted. An expression can be derived from these models to 
analyze the shape of a PL band in the spectrum and is given as19  
 
2
*
0
max *
0 max
( ) exp 2S 1PL PL e
E
I I
E



      
    
  (2.8) 
where max
PLI  is the intensity of the PL band maximum, max  is the position of the PL band 
maximum,   is the photon energy, *0 0 0.5 eE E    and E0 is the ZPL which is occasionally, 
experimentally observed, e  is the effective phonon energy of the defect, and Se is the Huang-
Rhys factor, both in the excited state of the defect. To fit the shape of the PL band obtained in 
TRPL spectra, it is necessary to fit only the
*
0E  and Se parameters. Once this information is 
obtained concerning the shape and position of a given defect related PL band, this knowledge 
can be used to resolve other bands in PL spectra where the bands overlap. FIG. 2.6 shows an 
example of the YL band in Si-doped GaN which can be clearly resolved in the PL spectrum and 
thus fit using Eq. (2.8).  
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FIG. 2.6: The YL band in Si-doped GaN sample cvd3540 measured at T = 18 K for excitation intensities 2.5×10-6 
and 0.2 W/cm2. The shape of the YL band can be fit with Eq.(2.8), and the parameters Se =7.4, max = 2.20 eV, 
and *
0E = 2.62 eV. 
2.2  Time-resolved photoluminescence: measured lifetime of PL 
 The concept of PL lifetime is the “waiting” time for an electron to recombine radiatively 
with a hole. During the laser pulse (tL ~1 ns), a burst of e-h pairs is created in an n-type 
semiconductor, and the photo-generated holes escape from the valence band after a short time 
delay (form excitons or are captured by defects). Given an ensemble of neutral acceptors, 
recombination may occur through any of these acceptors at any given instant in time. The PL 
intensity will begin to decay after the pulse, as the number of neutral acceptors decreases with 
time, slowing the e-h recombination. FIG. 2.7 shows the decay in time of PL intensity after a 
laser pulse, for the YL band for T = 18 and 300 K.  The decay of the PL intensity in time for 
electron transitions from the conduction band to acceptors is given by the expression:  
 ( ) (0)expPL PL
t
I t I

 
  
 
.  (2.9) 
(0)PLI  is the initial value of the PL intensity and  is the measured PL lifetime. The effective 
lifetime of PL can be defined as the maximum of the function ( )PLI t t , where ( )PLI t  is the 
intensity of the PL decay at time t.11 This is shown in FIG. 2.8 for the UVL band in HVPE GaN 
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sample H201, for the temperatures 60, 80, 100 and 120 K. The lifetime of PL decreases with 
increasing temperature since the concentration of free electrons increases with temperature. 
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FIG. 2.7: Decay of the PL intensity detected at 560 nm after a laser pulse, for T = 18 and 300 K. The lifetime of 
PL, PL , is the point in time where the PL intensity has decayed to the value of 1/e.  
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FIG. 2.8: Product of the PL intensity and time for the UVL decay (378 nm), for T = 60, 80, 100, and 120 K. The 
lifetime of PL,  , is the maximum of the function, as indicated by the arrows on the figure. 
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Alternatively, we can describe the PL lifetime using well-known exponential decay 
relationships, such as those which are used to describe radioactive decay. The change in the 
concentration of neutral acceptors in time can be written as,  
0
0A
A
dN
N
dt
  ,  (2.10) 
where 
0
AN  is the concentration of neutral acceptors, and  is the proportionality constant which 
can be determined by using an exponential solution of the form,  
0 (0)e
t
AN N


 .  (2.11) 
Solving Eq. (2.10) shows that,  
0 0
A AdN N
dt 
  . (2.12) 
In Section 2.1, an expression for the change in the concentration of neutral acceptors over 
time was derived to describe the phenomena of thermal quenching. Taking a closer look at Eq. 
(2.4), we can determine the value of  by rearranging the expression to include what was derived 
in Eq. (2.12): 
 
0 0
0 0A A
nA A A A
dN N
C N n Q N
dt 
       (2.13) 
The first term on the right in Eq. (2.4) is related to the capture of holes by negatively 
charged acceptors after the laser pulse. Since this capture time is very fast at low temperature 
(~10-10 s), we neglect this term for now, and write Eq. (2.13) as it is. The last term on the right in 
both Eqs. (2.4) and (2.13) is related to the thermal emission of holes to the valence band as the 
temperature increases. At low temperature, this term is insignificant and the remaining term can 
be solved to give 
1
0 ( )nAC n
 [Eq. (2.3)]. The temperature dependent portion of the lifetime, e, 
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can be defined as the lifetime of bound holes before they are thermally emitted to the valence 
band (for  << 1, as is often the case). From Eq. (2.13), the temperature dependent term gives the 
lifetime of thermally emitted holes as,   
1( )e AQ
          (2.14) 
The inverse of the measured PL lifetime can be described as the sum of the inverses of the two 
lifetimes, 0 and e , which can be seen from Eq. (2.13): 
0
1 1 1
e  
  .            (2.15) 
2.3  External and Internal Transitions 
It is helpful to define two types of electronic transitions: external and internal. These 
transitions are shown as a diagram in FIG. 2.9.  
                
FIG. 2.9: Diagram of (a) external PL transitions, and (b) internal transitions.  
An external transition is what is usually considered to be an electron-hole recombination. An 
electron from the conduction band or a donor recombines with a hole at an acceptor or in the 
valence band. For internal transitions, the recombination occurs solely within the defect. An 
example is an electron localized at a shallow level of the defect which recombines with a hole 
localized at a deeper level of the same defect. An internal transition can be detected by TRPL, 
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since for these transitions the PL intensity decays exponentially at any temperature and the PL 
lifetime is independent of the concentration of free electrons. Defect-related PL originating from 
internal transitions has been observed in our measurements almost as commonly as those coming 
from external transitions. 
The decay of the PL intensity at various temperatures for external and internal transitions 
is shown in FIG. 2.10. For T < 50 K, external PL transitions are attributed to DAP recombination 
which will decay with non-exponential behavior. As the temperature increases above 50 K, the 
transitions will convert to eA transitions and the PL decay will become exponential. Conversely, 
for internal transitions, the decay is exponential at any temperature, and independent of the 
concentration of free electrons.  
          
FIG. 2.10: Simulated decay of PL as a function of time for T = 15, 50 and 100 K. (a) For external transitions, 
the PL decay is non-exponential due to DAP recombination, but becomes exponential as DAP transitions 
convert to eA transitions. (b) The PL decay for internal transitions is exponential at any temperature. 
  
2.4   Lifetimes in conditions of PL  
In the previous section, the measured-by-experiment PL lifetime was discussed, and 
expressions were found to model the experimental data. It is interesting to note that the measured 
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PL lifetime may be affected by several processes. For example, the lifetime of a hole to escape 
the valence band depends on capture characteristics of all of the recombination channels, but the 
time that a particular defect is waiting to capture a carrier is only dependent on the concentration 
of those free carriers and the defect capture coefficient. In this section, we identify at least 4 
different lifetimes for recombination.  
Let us consider the lifetime of carrier capture through various channels in an n-type GaN 
sample, under steady-state conditions of low intensity, above-bandgap light. The generation rate 
of electron-hole pairs is labeled G, and is determined by multiplying the laser excitation 
intensity, Pexc, by the absorption coefficient,  (105 cm-1 for GaN), and dividing by the energy of 
the incident photons, 
exc :
20 
 exc
exc
G P


   (2.16) 
For Pexc = 6 × 10
-4 W/cm2, which is below the limit of saturation for these experiments, G = 1020 
cm-3 s-1. The concentration of photo-generated holes is given as p. After the light is turned off, p 
quickly decays to zero. The concentration of photo-generated electrons (n) is insignificant 
compared to the dark concentration of free electrons (n  n0). For a simple case, consider two 
channels for recombination: a defect center, i with concentration Ni, electron and hole capture 
coefficients Cni and Cpi, respectively, and band to band recombination with a capture rate written 
as B. To obtain an estimate for the following lifetimes, we can use the following parameters: G = 
1020 cm-3 s-1, n = 1017 cm-3, Ni = 10
16 cm-3, Cni = 10
-12 cm3s-1, Cpi  = 10
-6 cm3s-1, B = 10-11 cm3 s-1. 
We determine the lifetime of capture for the following cases:  
A. A free hole to escape from the valence band 
B. A hole to be captured by an i-center 
C. An electron to be captured by an i-center 
D. Band-to-band recombination 
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In each case, the lifetime in question will be the waiting time before a transition of a 
charge carrier from one place to another, and it will be limited or dependent upon some 
concentration of either charge carriers or defects. For consistency, each lifetime (except for the 
lifetime of holes to escape the valence band) will be labeled with two subscripts representing 1) 
the waiting object, and 2) the limiting variable upon whose concentration the transition is 
dependent.  
A.  Lifetime for a free hole to escape from the valence band 
For low excitation intensities, the lifetime of free holes in the valence band, p , is simply 
the characteristic time of change in the concentration of free holes after UV illumination has 
been turned off. It can be found from the equation for the change in the concentration of holes in 
time:  
 
ni i
dp
G Bnp C N p
dt
      (2.17) 
where G = 0 after a laser pulse and the solution is, 
 
0 exp
p
t
p p

 
   
 
.  (2.18) 
For only two channels of recombination, the i-center and band-to-band recombination, we can 
solve for the lifetime of holes in the valence band using Eq.(2.18), and get 
  
1
p i piN C Bn

  .  (2.19) 
Eq.(2.19) can be split into the lifetimes for each of the two channels listed. The lifetime of free 
holes in the valence band depends on the capture rate by the i-center, which is defined as,  
  
1
pi i piN C

 ,  (2.20) 
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where Ni is the concentration of available centers for the ith channel, and Cpi is the hole capture 
coefficient for that specific center. The lifetime for band-to-band recombination is defined as,  
 1( )pB Bn
 .  (2.21) 
Using the parameters defined above, 
1010p s
 . Granted, this is the lifetime of free holes in the 
limit of low temperatures.  
By using a more general form of Eq.(2.17) where more than two channels are competing 
for the holes in the valence band, we provide a solution for multiple n channels:  
 0
1 2 3
1 1 1 1
exp ...
n
p p t
   
    
        
    
.  (2.22) 
From this expression, we get the relationship,  
 
1 1
1 11 2 3
1 1 1 1
...
n n
p i i pi
i in
N C 
   
 
 
         , (2.23) 
where Ni represents any type of defect including band-to-recombination with Ni = n and Cpi = B. 
B. Lifetime of a hole to be captured by an i-center 
In this section, we will solve for the characteristic time of hole capture by a defect. This 
may be difficult to measure through experiments, but a theoretical consideration can provide 
relevant values. We can define two waiting times for this case: the hole waiting in the valence 
band to be captured by any defect of type i – pi; and an individual i-center waiting to capture a 
hole – ip. Here, the i-center will be an acceptor. In the first case, the lifetime is dependent on the 
concentration of negatively charged i-centers and the hole capture coefficient, Cpi, and is not 
dependent on the concentration of free holes. The rate of capture of holes by the i-center in 
steady-state PL conditions can be presented as,  
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 i
pi i
ip pi
N p
C N p
 

   ,  (2.24) 
where, 
 
1[ ]pi pi iC N
  ,  (2.25) 
and,  
 
1[ ]ip piC p
 .  (2.26) 
 In the first case and for low excitation intensities, i iN N
  . Then, Eq.(2.25) can be solved to 
give 
1010pi s
 .  
In the second case, a select i-center is waiting to capture a free hole. In contrast to the 
first case, hole capture by the i-center is dependent on the concentration of photo-generated free 
holes and does not depend on the concentration of i-centers. To calculate this lifetime, we have 
to first solve for p. In steady state conditions,  
 pi iG C N p Bnp  .  (2.27) 
Solving for p gives,  
 p
pi i
G
p G
C N Bn
 

.  (2.28) 
Given G = 1020 cm-3s-1 and p = 10-10 s from Eq. (2.19), we find that p = 1010 cm-3, and thus from 
Eq.(2.26), 
410ip s
 . The lifetime, ip, is inversely proportional to the generation rate of electron 
hole pairs.   
C. Lifetime of an electron to be captured by an i-center 
In a similar fashion, we define two waiting times: the electron waiting in the conduction 
band to be captured by an i-center, ni, and a select i-center waiting to capture an electron, in. In 
the first case, the lifetime is dependent on the concentration of i-centers and the electron capture 
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coefficient of the defect, Cni. The rate of capture of electrons by the i-center in steady-state PL 
conditions can be presented as,  
 
0
0 i
ni i
in ni
N n
C N n
 
  ,  (2.29) 
where  
 
0 1[ ]ni ni iC N
 ,  (2.30) 
and,  
 
1[ ]in niC n
 .  (2.31) 
From the rate equation for bound holes at neutral i-centers, Ni
0, we have the following 
expression after a laser pulse:11  
 
0
0i
pi i ni i
dN
C N p C N n
dt
  .  (2.32) 
After the laser pulse, p goes very quickly to zero as holes disappear from the valence band. The 
first term on the right-hand-side in Eq.(2.32) can be ignored after approximately t = 10-9 s. If the 
PL recombinations of free electrons with bound holes are much slower, then the solution to 
Eq.(2.32) with the first term on the right neglected will be,  
 0 0 (0)exp in
t
i iN N


 .  (2.33) 
 The PL intensity is 
0
ni iC N n , and for n-type GaN, n is constant. Then the lifetime of the PL due 
to transitions from the conduction band to the acceptor has the same lifetime, in, which is 
dependent on the concentration of free electrons and the electron capture coefficient. Using the 
above parameters for an undoped n-type GaN sample, we get 
510in s
 .  
To find the value for Eq.(2.30), an expression for 
0
iN  must be derived. Setting the rates 
of electron capture and hole capture by an acceptor equal to each other gives,  
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 0ni i pi iC N n C N p
 .  (2.34) 
Given the conditions, it can assumed that i iN N

, and an expression for 
0
iN  can be given as,  
 
0 15 310 cm
pi i
i
ni
C N p
N
C n
  .  (2.35) 
Thus, from Eq.(2.30), 
310 sni
 .  
D. Lifetime of band-to-band recombination 
 This is the waiting time for a free hole to recombine with a free electron. It is distinct 
from exciton recombination, since that would also depend on the time of capture for the electron 
to be bound to the hole by the exciton binding energy. The concentration of free holes will be the 
limiting variable in n-type GaN, so we will use the expression for the change in the concentration 
of free holes after a laser pulse (where G = 0), Eq. (2.17). For two channels of recombination, we 
defined in Eq. (2.19) the lifetime of holes, p, in the valence band as,  
 
1 1 1
p pi pB  
  .  (2.36) 
This gives us two lifetimes, pi and pB, the first of which was already shown to be 
1010pi s
 . 
and the second expression is represented by Eq. (2.21). Using the value, B = 10-11, pB = 10-6 s. 
2.5  Temperature dependent TRPL 
In Ref. 11, the temperature dependence of the PL lifetime decreases almost identically to 
the decrease in PL intensity in the region of thermal quenching. The explanation for this behavior 
involves the thermal emission of holes from the acceptor. As the concentration of neutral 
acceptors decreases with increasing temperature, only electronic transitions from the conduction 
band which occur with short lifetimes will be possible and transitions with longer lifetimes will 
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become increasingly less probable. The slope of the decrease in PL lifetime as a function of 
inverse temperature is identical to the slope of the thermal quenching of the quantum efficiency 
of PL. In Ref. 11, the lifetime of holes in the valence band is calculated to remain constant for a 
wide range of temperatures. At some high temperature, the lifetime of thermal emission of holes 
from the acceptors becomes equal to the lifetime of holes being captured by the acceptors; in 
other words, p  equals 
1Q .    
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Chapter 3: Review of the Literature 
 
 
 
The use of time-resolved photoluminescence in the literature primarily consists of 
analyzing the decay of PL as a function of time at specific wavelengths or energies, in order to 
measure the characteristic lifetime. A few works report on the evolution of the PL spectra with 
changing time delay, and a few others on the dependence of excitation intensity and temperature. 
Most reports in fact deal with the decay of the exciton emission, which is beyond the scope of 
this particular work and will be excluded. No literature has been found on analyzing the various 
lifetimes associated with recombination channels, such as the lifetime of holes in the valence 
band as opposed to the lifetime of PL recombination at an acceptor. The most relevant works to 
our TRPL studies are presented in this chapter.  
3.1  Time-resolved PL spectra  
Many works present the PL intensity as a function of energy/ wavelength at a particular 
time delay or as a function of time. [21,22,23,24] The combination of these two approaches is 
essentially a 3-dimensional plot which is shown in FIG.  3.1. 25 The emission which results from 
recombination at defect centers varies in respect to lifetime since the lifetime is a function of the 
particular defect. If the PL spectra are measured at different time delays, different PL bands may 
arise due to the different PL lifetimes. The decay of the PL intensity can be both exponential and 
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non-exponential depending on the nature of the transition, and for exponential behavior, can be 
modeled by a single exponential expression:  
 
0( ) exp
( )
PL
PL
t
I t I
T
 
  
 
.  (3.1) 
As was defined before, ( )
PLI t  is the PL intensity at any moment in time, t, I0 is the intensity 
immediately after a laser pulse, and ( )PL T  is the temperature dependent lifetime of PL. The PL 
lifetime for band-to-band transitions is given by the relationship, 25  
 
1 1 1 1
( ) ( ) ( ) ( )PL rad NR relaxT T T T   
   ,   (3.2) 
where the inverse of ( )PL T  is expressed as the sum of the inverses of the radiative lifetime 
(rad), the non-radiative (NR) lifetime, and the lifetime of relaxation to lower-lying energy levels. 
Relaxation occurs as the defect releases excess energy in the form of phonons until it is in the 
lowest energy level of the excited state. This is typically neglected if radiative transitions occur 
between the lowest energy states. Note that this expression should be representative of the 
capture of minority carriers (holes in n-type), and is the same expression as Eq.(2.23). It is valid 
only when PL represents the lifetime of band-to-band transitions. It is thus not applicable to the 
measured PL lifetime related to defects.    
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FIG.  3.1: Typical data obtained from TRPL spectra in 3-dimensions of time, PL intensity and PL emission 
wavelength/ energy. Figure from Ref. 25. Copyright © 1999-2016 John Wiley & Sons, Inc. All Rights Reserved. 
3.2  Time-resolved studies on DAP emission 
DAP transitions exhibit non-exponential decay behavior, due to the fact that 
recombinations between the pairs are based on tunneling and coulomb interactions, and not 
statistical processes. The decay of the PL intensity transforms into exponential behavior as the 
temperature is increased, as free electrons from the conduction band recombine with holes bound 
to acceptors (eA transitions). This behavior is characteristic of any DAP recombination so that 
TRPL can identify between DAP related PL bands and those which originate from other sources, 
such as internal transitions. The PL spectrum measured at various time-delays after the laser 
pulse can help to distinguish overlapping PL bands in the spectra, and the shift in the PL bands 
with time often reveals information about the nature of the PL transitions. The PL decay of DAP 
emission is non-exponential at low temperatures, since the probability of recombination depends 
on the spatial separation of the donors and acceptors. The rate of recombination between an 
electron bound to a donor and a hole bound to an acceptor, separated by distance R, is given by 
the expression,5,29  
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( ) W exp
D
R
W R
a
 
  
 
,  (3.3) 
where Wmax is the probability for a transition to occur in the limit of least separation; i.e., when 
0R  . The Bohr radius of an electron bound to a shallow donor is given by Da . From this 
expression, the lifetime of recombination for DAP emission is the inverse of the transition 
probability: 
1W  .5 The non-exponential decay of PL intensity at low temperatures can be 
described by the expression:29  
  ( ) 2 (R)t 20 0( ) exp 4 1 ( )eW R t WI t N N e R dR W R R dR
 
       ,  (3.4) 
where N is the concentration of majority defects (whether donors or acceptors).  
An aspect of the non-exponential DAP nature is that the recombinations occur between 
pairs which have varying spatial separations. Close pairs recombine with fast time-delays, and 
distant pairs recombine at longer time-delays. Thus the DAP band will red-shift with increasing 
time-delay, since distant pairs contribute more at longer time-delays and the corresponding 
energy of emission is less than that of close pairs which contribute at fast time-delays. For deep 
donors, the shift is expected to be greater than for shallow donors.  
As temperature increases, DAP emission gradually transforms into eA transitions, and the 
energy of emission increases by approximately the ionization energy of the shallow donor. The 
PL decay becomes exponential when this occurs.  Once the PL decay becomes exponential, the 
lifetime can be described by the inverse of the product of the electron capture coefficient and the 
concentration of free electrons, as stated previously, or as the maximum of the function  
( )PLI t t .37  
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In an earlier work, 26 low temperature PL is studied for DAP transitions in single crystal 
GaN grown by HVPE. A PL band is observed in the energy range of 3.26 – 2.99 eV, with a ZPL 
at 3.2571 eV and LO phonon replicas at 3.1672 and 3.0768 eV. The energy difference in the ZPL 
and the phonon replicas is in multiples of the characteristic LO phonon energy for GaN of 90 
meV. The radiative lifetimes of these three peaks are identical, and are much longer than the 
excitonic lifetimes. This indicates that this band is defect-related and caused by DAP 
recombinations. With increasing temperature, the ZPL shifts to higher energies consistent with 
DAP behavior where the electronic transitions change from DAP to recombinations of free-
electrons with bound-holes at acceptors (eA transitions). 
The donor and related acceptor may be spatially separated by varying distances 
throughout the sample, and the probability of recombination is thus inversely dependent on the 
distance between them. Close pairs are donors and acceptors which are spatially close with 
overlapping wave-functions, and have thermodynamic transition levels close to the conduction 
and valence bands. Distant pairs are spatially distant, with levels further from the conduction 
band minimum and the valence band maximum.  
A schematic drawing of DAP transitions is shown in FIG.  3.2 to show the relationship 
between close and distant pairs. For DAP transitions, the PL energy at any given photon energy 
E is attributed to the recombination of electrons-from-donors to holes-at-acceptors separated by a 
specific distance, r, and is given by the equation,  
 .( )g A D CoulE E E E E    ,  (3.5) 
with,  
 
2
.
0
Coul
e
E
r
 .  (3.6) 
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Here, the parameters Eg, EA, ED and ECoul. are the bandgap, acceptor and donor ionization, 
and Coulomb energies, respectively, where, e is the electron charge,  is the dielectric constant 
for GaN, 0is the vacuum permittivity, and r is the distance between pairs. From the TRPL 
spectra of the work in Ref. 26, the distance between pairs contributing to PL at 100 μs delay can 
be calculated to be 120 Å apart, if they use Eg = 3.500 ± 0.010 eV, ECoul = 13 ± 4 meV, ED = 42 ± 
1 meV, EA = 213 ± 12 meV, and  = 9.8 for GaN. 
The low energy portion of the DAP band consists of contributions from distant pairs, and 
the high energy portion is due to recombinations between close pairs. With increasing excitation 
intensity, the distant pairs will saturate leaving the spectrum to be dominated by the 
recombinations between close pairs, and consequently causing the DAP luminescence peak to 
blue-shift. In TRPL measurements, close pairs have shorter decay times and distant pairs have 
longer decay times. The intensity decay from DAP is characteristically non-exponential, which 
provides a technique for identifying a DAP band within the PL spectrum. 
 
FIG.  3.2: Schematics of DAP recombination. The bandgap, conduction band minimum and valence band 
maximum energies are labeled Eg, EC and EV, respectively. The ionization energies of the donor and acceptor are 
labeled ED and EA, respectively, and the spatial distance between pairs is denoted by r. Red arrows indicate 
radiative recombination. 
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TRPL measurements were performed on GaN:Cd and GaN:Zn layers, 27 and the very 
intense BL was analyzed in both samples. The BL is thought to be caused by transitions through 
the Zn and Cd related acceptors. In Zn-doped GaN, the broad and very intense BL at 2.89 eV 
dominates the PL spectrum, but ZPL was observed. Zn doping has been shown in several works 
to produce several broad emission bands in GaN, depending on the growth conditions and the Zn 
concentration. In this work, the concentration of Zn is assumed to be 1018 cm-3.  
The BL decays with a very fast initial component, thought to be the response of the 
system, and then with two other regions of decay: an exponential decay with a lifetime, 
 = 300 ns, and a region of non-exponential decay for time decays greater than 1 s. The decay 
with the 300 ns lifetime is supposedly the BL decay of free electrons from the conduction band 
to holes bound at the ZnGa acceptor. The subsequent slow, non-exponential decay may be caused 
by a weak contribution of distant DAP which have much longer lifetimes.27  
With increasing time delay, the PL spectra do not change much, and the peak energies 
were very similar even at longer time delays. It seems that there are transitions from both the 
conduction band to the acceptor (eA transitions) and from the shallow donor to the acceptor 
(DAP transitions), and these should create PL bands with peaks at different energies. However, 
the broad spectrum may mask the energy differences of the DAP and eA transitions, since the 
donor level is predicted to be 30 meV below the conduction band.  The broad emission is a result 
of the strong electron phonon coupling for the ZnGa acceptor. If the energy lines of two 
recombination processes are close, then it is difficult to distinguish them in TRPL spectra.  
In a simple model for eA transitions, the PL decay can be characterized by the change in 
the bound hole concentration at the acceptor: 27 
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 A
n A
dp
C np
dt
  ,  (3.7) 
where Cn is the electron capture coefficient, n is the concentration of free electrons, and pA is the 
concentration of holes bound to acceptors, which we usually label as 
0
AN . The solution of this 
equation is,  
 (0)exp( / )A Ap p t     (3.8) 
with,  
 
1
nC n
  .  (3.9) 
 Bergman et al. estimate that n = 1018 cm-3 from the level of Zn doping which is also on the order 
of 1018 cm-3.27 Taking this value and the experimentally found  = 300 ns, we can estimate that 
Cn  3 x 10-12 cm3 s-1 for the Zn acceptor in GaN. The binding energy of the ZnGa acceptor is 
assumed to be 0.34 eV.  
The PL decay for the BL in Mg-doped samples is one of the first TRPL reports on the 
DAP nature of such PL for a wide range of temperatures. 28 The BL was attributed to an eA 
transition with a lifetime of 900 ps. Kwon et al. argue that such an attribution is inconsistent with 
other reports. To support this argument, they used the model of Thomas et al. on PL decay for 
DAP transitions. 29 The time for the intensity of the PL to decay to the value of 1/e is given by 
the expression:  
 
3
1
(0) Bw N a


 ,  (3.10) 
with,  
 
5/2 3/2(0) A Dw cE E .  (3.11) 
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w(0) is the recombination rate between the donor and acceptor pair as the separation of the pair 
0r  ; N is the concentration of the particular defect; Ba  is the Bohr radius of the shallower 
impurity; EA and ED are the ionization energies of the acceptor and donor respectively, and c is a 
constant of the material. By using Eq.(3.10), and the measured value of , they postulate values 
of EA and ED from independent calculations to find a value of N which may be comparable to the 
concentration obtained from SIMS Mg concentrations. In this way, they argue that the BL band 
in Mg-doped GaN is a result of a transition from a deep donor (possibly VNMg) to a shallow Mg 
acceptor.28    
The behavior of the 2.8 (BL) and 3.2 eV (UVL) bands was studied for Mg-doped GaN. 
30,31 Time-resolved measurements show that the lifetime of the 2.8 eV band is 10-5 s and that the 
decay of the PL is non-exponential at low temperature. 32 This points to the fact that the emission 
is caused by DAP transitions. The positions of the peaks as a function of temperature and 
excitation intensity were analyzed.  The 3.2 band is attributed to transitions from a shallow donor 
to the shallow MgGa acceptor (EA = 0.2 eV), and the 2.8 eV band is attributed to transitions from 
a deep donor (ED ≈ 0.4 – 0.5 eV) to the same MgGa acceptor. With increasing excitation intensity, 
both peaks of the UVL and BL bands in heavily compensated GaN: Mg shift to higher photon 
energies. The BL bands shifts substantially by approximately 0.22 eV with increasing excitation 
intensity by about 7 orders of magnitude.31 This shift is attributed to the saturation of distant 
pairs with photo-generated holes at low excitation intensities, such that close pairs dominate the 
spectrum at high excitation intensity with higher emission energies. The UVL band also blue-
shifts by about 0.11 eV with an increase of the excitation intensity of 1000 times, for a p-type 
Mg-doped sample. 31 A different explanation is necessary to explain the shift of the UVL band 
with increasing excitation intensity. Since the ionization energy of the shallow donor is 
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approximately 20 meV, the corresponding shift due to close and distant pairs may only be up to 
half of ED.
33 The very large shift of ~ 0.1 eV suggests that long-range potential fluctuations exist 
within the sample. This is very likely for samples which are heavily compensated, as is the case 
for this work. In samples with an inhomogeneous distribution of charged defects, the potential 
bands will experience hills near high concentrations of positive charge, and valleys in the 
presence of high concentrations of negative charges. Transitions between these hills and valleys 
will be diagonal and the emission energy will be reduced. With increasing excitation intensity, 
the potential fluctuations will be flattened, and transitions will become vertical with higher 
emission energy. The shift of the UVL band with increasing excitation intensity may be 
explained by this phenomenon. It may be interesting to note that in weakly compensated 
GaN:Mg, the peak shift of the UVL with increasing time-delay is not observed. 30 
The behavior of the UVL and BL bands as a function of temperature was also studied. 
With increasing temperature, the peak of the BL band shifted by 20 – 40 meV for highest 
excitation intensities as the temperature increased from 14 to 100 K. At low excitation intensity, 
the peak position remained almost constant. 31 If a deep-donor is contributing to the BL emission, 
the strong Coulomb interaction causes the donor level to be more susceptible to thermal 
ionization, where the close pairs will be ionized first, and then the distant pairs. This may explain 
the red-shift of the BL peak with increasing temperature, as well as the excitation intensity 
dependence. The UVL band peak shifted by almost 0.1 eV at lower excitation intensities. This is 
presumably due to the presence of long-range potential fluctuations. With increasing 
temperature, carriers are thermally released from the shallower short-range wells and re-captured 
by deeper ones. Transitions between deeper potential fluctuations have a lower emission energy, 
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and cause the UVL band to red-shift. Both the BL and UVL bands red-shift with increasing time-
delay which is consistent with the deep donor model.32, 34   
From TRPL measurements on the YL band in Si-doped GaN, 28 Kwon et al, suggest that 
a shallow Si donor impurity is related to the YL. The PL lifetime at 10K for the YL band 
decreases from ~650 ns to ~50 ns as the concentration of Si in Si-doped samples increases from 
2x1018 to 1.3x1019 cm-3. With increasing Si concentration, the PL peaks are red-shifted and 
broadened, especially on the low energy side. The authors explain this by suggesting that 
potential fluctuations increase as the concentration of Si increases. However, this may also be 
caused by strain effects which could also cause a shift in the PL peaks. With Si concentrations of 
2.0, 7.2, and 13 × 1018 cm-3, the value of  decreases and is 650, 110 and 50 ns, respectively. 
However, the data in Ref. 28 do not follow Eq. (3.10) which may be due to the presence of 
potential fluctuations. Both the YL and BL in this work exhibit non-exponential PL decay which 
suggests that they are related to DAP transitions. 
The PL lifetime of the YL band varies substantially in the literature. The value of the YL 
lifetime is given as 20 ps,35 1 ns,36 50-700 s,37,38 or even 300 ms.39 The decay of the YL is often 
reported to be non-exponential at low temperatures, and nearly exponential at room temperature. 
This is a signature of DAP recombination. However, with increasing time delay, the YL does not 
shift noticeably,40 as would be expected for DAP transitions involving a deep donor. In fact, the 
deeper the donor, the larger the red-shift with time-delay. Thus, the lack of red-shift with 
increasing time-delay signifies that the YL is due to transitions from a shallow donor to a deep 
acceptor. In other works, red-shifts of 30 – 40 meV and even 100 meV with time-delay are 
observed for the YL band; however, it must be noted that the appearance of more than 1 type of 
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YL band have been documented, and thus it is not surprising that the nature of the YL across 
different samples is complex.  
In freestanding GaN, green luminescence (GL) is seen at short time delays less than 10 
s, and afterwards transforms into the YL band with much longer time-delays.41 The 
transformation of the GL into the YL decay with increasing time-delay is consistent with the 
assignment of the two bands to two different charge states of the same defect.42 In the same 
samples, the RL and BL bands show persistent PL, and these behaviors are easily explained by 
the large distances between donor and acceptor pairs, and the relatively low concentration of free 
electrons.  
One of the strengths of the TRPL method is that various PL bands may appear originating 
from different defects for different time delays, since each transition has a characteristic time 
delay. It is useful to perform TRPL measurements in order to verify the unique properties and 
behaviors of each band.  In samples of Si-doped GaN, the SSPL and TRPL was measured for 4 
samples with increasing Si concentration. 43 Initially, it may seem that the intensity of the defect-
related PL increases with increasing excitation intensity in the TRPL spectra for time delays 
longer than 80 s. However, upon closer observation, it can be seen that the peak of the defect 
related band at 2.2 eV varies between 2.2 and 2.6 eV with varying concentrations of Si. It can be 
argued that the PL is indeed caused by different sources due to the many possibilities of defect 
formation with increasing dopant concentration. The authors observe a red shift for longer time 
delays for the 3.27 band with LO phonon replicas. This may be explained by the saturation of 
close pairs, and the participation of distant pairs at longer time decays. For increasing 
temperature, a blue-shift of the peak position is observed, which may be a result of eA transitions 
dominating at higher temperatures. The YL band centered at 2.25 eV is observed for all 4 
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samples, but with different intensities. Other bands which appear at different intensities in the 
spectra for different samples, such as the 2.35 eV and 2.6 eV bands, indicate that the quality of 
the samples varied, and perhaps even decreased significantly with increasing Si concentration. 
The bands are not well defined, and the changing peak positions show that they are not related to 
the same transitions. 
The red luminescence band in cubic GaN was studied, 44 and from TRPL data was shown 
to have the same characteristics of the yellow luminescence band in wurtzite GaN. In the TRPL 
measurements, the peak of the RL band (in cubic GaN) shifts from higher energy to lower 
energy for increasing time delays, corresponding to the behavior of close pairs contributing at 
shorter decay times and distant pairs contributing at longer decay times. The decay of the PL 
intensity is non-exponential which also points to DAP transitions.  Since the bandgap of cubic 
GaN is Eg = 3.3 eV at 4.2 K which varies significantly from the value in wurtzite GaN of Eg = 
3.50 eV at 2 K, acceptors in cubic GaN have smaller ionization energies than in wurtzite phase 
GaN. Goldys et al. suggest that the YL band in wurtzite GaN is related to the same transitions of 
the RL band in cubic GaN. Specifically, this may be a transition from a shallow donor to a deep 
acceptor with strong electron phonon coupling. The YL band has a similar line shape to the RL 
band in cathode luminescence of cubic GaN. This may indicate that they may originate from the 
same transition. Additionally, the RL band blue-shifts with increasing excitation intensity, which 
is consistent with DAP behavior. 
3.3  TRPL in GaN-related systems and other semiconductors  
Incorporating As into GaN is known to produce a series of deep traps that can cause a 
broad signal to be emitted in the 2.6 eV range.45 Sometimes labeled BL, the intensity of this 
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emission depends strongly on the N/Ga flux ratio during plasma assisted MBE growth. It is the 
most intense in samples grown under N-rich conditions. It has been reported that the bandgap of 
GaN:As decreases as the composition of As increases.46 Under N-rich conditions the As atoms 
may replace Ga atoms and behave as deep donors, and cause the intense emission in the 2.6 eV 
range. The experimental data for the PL spectrum at 8K show peaks at 2.4 and 2.57 eV. As the 
temperature is increased to 150 K, the 2.57 eV peak blue-shifts to 2.61 eV, then interestingly 
shifts back to 2.57 eV, but broader, at 300 K. The PL intensity does not vary much with 
increasing temperature, which suggests that the traps are too deep for thermal activation. The 
decay of the 2.6 eV emission can be fit with a single exponential, and shows that the lifetime of 
the PL first decreases from 90 to 80 ns for the temperature range 8 – 100 K, then increases from 
80 to 150 ns for the temperature range 100 – 300 K. Gil et al. suggest that the increase in the 
time delay with increasing temperature is due to inefficient non-radiative recombination. The 
attribution for this transition comes from calculations performed by Van de Walle and 
Neugebauer.47 They calculate that the formation of the AsGa
2+ defect is energetically favorable. 
This double charge deep donor state may be the cause of the intense 2.6 eV emission in GaN:As. 
Such an attribution may be justified because of the long decay times which are characteristic of 
large lattice relaxation. This is consistent with theoretical predictions that the As incorporated 
into the Ga site behaves as a deep donor, negative-U center, where the center can bind two 
electrons, with the second electron being more tightly bound than the first due to large lattice 
relaxation of the first charge state. 
PL lifetime studies were performed for heavily-doped GaAs:Si, and the emission from 
the SiGa defect was studied.
48 A defect in GaAs:Si, called the Si-Y defect in this work, is 
supposedly the origin of the 1.2 eV band where transitions occur from near the conduction band 
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through this defect. The lifetime of this emission remained mostly constant for the temperature 
range of 20 – 200 K with an average value of 10 ns. This seems unusual since the intensity of the 
PL decreases with increasing temperature above 100 K, and this causes competition between the 
radiative and non-radiative channels, such that the measured lifetime is expected to decrease. 
Evidently, the thermal emission of electrons should not have any effect on the behavior of the 
thermal quenching since the sample is heavily doped and is degenerate.  
Interestingly, Sauncy et al. suggest that the radiative recombinations are faster than non-
radiative recombinations, and thus non-radiative transitions do not affect the measured lifetimes. 
Also Sauncy et al. are unable to explain why the lifetime is constant with temperature. It is an 
open question what exactly is being measured as the PL lifetime, since the lifetime does not 
necessarily agree with other works. From Williams et al,49 the VGaSiGa and the VAsTeAs 
complexes are very similar, the VGa dictates the behavior of the defect and not the shallow donor. 
Although the lifetimes of PL from the VGaSiGa complex are not determined, the lifetimes of PL 
from the VAsTeAs complex have been reported in great detail, and the range is between 0.1 and 
50 s for many samples with varying concentrations of free electrons.50  
The electron capture coefficient of the Si-Y defect, which is called by others the VGaSiGa 
complex with an activation energy of 0.18 eV, is unknown. However, using the value of the 
electron capture coefficient from the VAsTeAs complex (maximum at 1.2 eV), a very similar 
defect, the lifetime of PL through this channel may be estimated. From Ref.(50), Cni = 1.3 × 10
-12 
cm3 s-1. Sauncy et al. state that the concentration of free electrons in these samples is n = 4.9 × 
1018 cm-3. From Eq.(2.31), the expected lifetime for these samples can be estimated to be about 
160 ns.  
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3.4  Lifetimes in giant traps and cascade capture 
Giant traps in Ge and Si semiconductors were first studied by Lax 61 who developed a 
model for the cascade capture of electrons. A giant trap, or an attractive center with a large 
capture cross-section in the range of 10-15 to 10-12 cm2, can bind an electron to an excited state 
with higher probability than to the ground state. An electron bound to a giant trap will dissipate 
energy by interacting with phonons and transitioning downwards through a series of Coulomb 
excited states. Lax proposed that the sticking probability of an electron in the giant trap is 
proportional to kT, and with decreasing temperature, the capture cross-section will begin to 
increase dramatically. In his model, the electron after emitting a single phonon transitions from 
the conduction band to a level of the giant trap which is on the order of kT. The cross section 
according to Lax is,  
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where Tr   is the radius of the attractive center, l is the mean free path of the electron, and m and 
s are the effective mass of the electron and the speed of sound, respectively. Lax, however, did 
not take into account that an electron may be bound to a state with energy less than kT with the 
possibility of being thermally ejected back into the conduction band. Abakumov and 
Yassievich10 showed that the capture cross section must take into account this thermal ejection 
for energies less than kT and proposed the following revised formula for the capture cross 
section:  
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with 
0 el   (which does not depend on the electron energy or the temperature), eZ is the center 
charge, and  is the dielectric constant. In this relationship, the capture cross section decreases by 
the cube of inverse temperature. Since the lifetime of capture by a center is inversely 
proportional to the capture cross section, it is expected that the lifetime of capture by a giant trap 
will increase with increasing temperature.   
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Chapter 4: Resolving PL bands in undoped and Si-doped 
GaN  
 
 
Photoluminescence, the emission of light, occurs in a material after stimulation by light. 
From an early work of Gurney and Mott, PL caused by resonant excitation of an electron from a 
defect to the conduction band is described as the following: “The emission energy is less than 
absorption energy. After light is absorbed, and the electron moves into an excited state, the 
surrounding ions or atoms are no longer in equilibrium in the new field which exists around the 
exciton; in a time of 10-13 – 10-12 s, they will move into their new positions of equilibrium, the 
excess energy being taken up by the vibrations of surrounding atoms and thus conducted away in 
the form of heat.” 51 Indeed, the study of PL from GaN reveals that there are complex 
interactions among photons, electrons, phonons, individual ions, and the surrounding ions. Thus, 
PL studies provide valuable information on an intricate system. 
4.1  Defect-related photoluminescence in GaN 
The SSPL spectra of many GaN samples have been analyzed, and the spectra of two 
undoped GaN samples are shown in FIG. 4.1. PL bands are labeled based on the color and 
energy of emission, such as red, yellow, green, blue and ultraviolet luminescence (RL, YL, GL, 
BL and UVL). These PL bands originate from various defects, and can be distinguished one 
from another by analyzing the PL lifetime, PL decay, TRPL spectra, thermal quenching of the 
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PL intensity, and in some cases, the peak position and ZPL. The following discussion divulges 
basic information on the properties of several PL bands which were studied for this work.  
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FIG. 4.1: Steady-state PL spectra for undoped GaN samples 1007 and RS280 at T = 18 K, and for excitation 
intensity Pexc = 10-3 W/cm2. RL, YL, BL and UVL defect-related bands are labeled.  
A. Red luminescence  
In HVPE grown GaN, an RL band is often observed with a maximum at 1.8 eV. There 
may be several origins of red luminescence and careful measurements must be conducted to 
determine which band is present in a given sample. In particular, RL1 is characterized by non-
exponential PL decay for T = 15 K, and has a very long PL lifetime for temperatures between 
100 and 300 K.5 Its behavior is characteristic of DAP transitions at low temperatures, and is 
attributed to electron transitions from shallow donors (at T < 40 K) and from the conduction band 
(for T > 40 K) to a deep defect level. No fine-structure has been observed for this band as of yet. 
Another RL band is frequently seen in high-resistivity GaN grown in Ga rich conditions, and is 
called RL2. It is characterized by an internal transition through some unknown defect due to the 
exponential PL decay at any temperature. The PL lifetime for RL2 is distinct since it decreases 
from 110 to 2 s as the temperature increases from 15 to 100 K.5 A third RL band, labeled RL3, 
is seen in some HVPE GaN samples where RL1 is not present. The ZPL of the RL3 band has 
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been observed at 2.36 eV.52 However, recent TRPL measurements indicate that this particular 
ZPL should be attributed to another YL band. TRPL measurements of the RL3 band show 
exponential PL decay (internal transition) and a very fast lifetime of 15 – 20 ns for temperatures 
15 to 200 K. Both RL1 and RL3 may be present in HVPE grown GaN, but the reason for one 
band to be manifested over another is not currently known. However, one can be clearly 
distinguished from another through TRPL measurements. 
B. Yellow luminescence  
Another interesting set of PL bands are the YL bands whose origins have been the topic 
of many discussions.5 In GaN, there seem to be several different defects which cause YL, and it 
is sometimes difficult to distinguish the nature of the YL when its intensity is weak or when 
other PL bands are overlapping. One YL band has been clearly identified due to its characteristic 
band shape and fine-structure. This band is labeled YL1 and has a maximum at 2.20 eV and a 
ZPL at 2.57 eV at low temperatures.53 YL1 is observed in undoped, Si-doped and C-doped GaN, 
grown by HVPE and MOCVD.  
C. Green Luminescence 
At times, the PL spectra clearly show certain bands but obscure others. Such is the case 
for the GL in HVPE grown GaN. In FIG. 4.1, it is possible to identify the RL1, YL1, BL1 and 
UVL defect related bands, but the GL is hidden in the steady-state spectra. For short time delays 
(~0.3 s) in TRPL spectra, the GL band is clearly seen dominating over the rest of the bands. 
With increasing time delay, the time-resolved spectra evolve into other bands whose lifetimes are 
longer than the GL. This particular GL band, which is hereafter called GL1, has a maximum at 
2.4 eV, and is commonly seen in conductive n-type GaN.5 After the laser pulse, the decay of the 
GL1 is exponential even for low temperatures, and has a characteristic lifetime of 1 – 2 s for the 
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temperature range of 15 to 100 K. The PL lifetime after 100 K for this band increases with 
increasing temperature, which is contrary to every other PL band in GaN thus far. This behavior 
is very interesting and leads to important conclusions, but will be addressed in further detail in 
Chapter 5. The origin of the GL1 can be attributed to an internal transition between an excited 
state and ground state of a defect, with the excited state behaving as a characteristic giant 
trap.10,61,62  Another GL band found in high-resistivity GaN with a peak at 2.36 eV is called the 
GL2 band, and is the result of an internal transition of the VN defect.
19  
D. Blue luminescence 
In several samples, a blue luminescence band with a peak at 2.9 eV can be well resolved 
at low temperatures (samples RS280, 1601, T1011, and T2015). This band, labeled BL1, is 
attributed to ZnGa acceptors which are unintentionally introduced during the HVPE or MOCVD 
growth of GaN.5 In some samples, a strong UVL band obscures the BL1 band for temperatures 
below 120 K, but as the UVL band is thermally quenched, the BL1 band can be clearly seen for 
the temperatures between 150 and 200 K (samples 104, 201, 202, 203). The BL1 band is 
thermally quenched at T > 180 K with an activation energy of 0.35 eV. Thermal quenching of the 
BL1 is caused by thermal emission of holes from the ZnGa acceptor to the valence band with 
increasing temperatures. In high resistivity GaN, a different BL band, called BL2, is observed 
with a maximum at 3.0 eV, and is caused by carbon-hydrogen complexes.54  
E. Ultraviolet luminescence 
Finally, the UVL band with a peak at 3.26 eV is seen in almost all the GaN samples 
studied in this work, with its strongest contribution at low temperatures. The UVL band begins to 
thermally quench for T > 100 K and completely disappears by T = 200 K. Thermal quenching of 
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the UVL is caused by thermal emission of holes from an unknown shallow acceptor to the 
valence band with increasing sample temperature. 
F. Fitting the shape of PL bands 
The shape of PL bands can be fit using an equation previously stated, but included here 
for convenience [see Eq. (2.8) and FIG. 2.6]:  
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Usually the GL1 band is not clearly resolved in the PL spectrum, until certain experimental 
conditions are satisfied (high excitation intensity, etc). The GL1 is clearly resolved when it has a 
relatively high intensity and minimal overlap with other bands. In this case, Eq.(4.1) can be used 
to fit the shape of the GL1 band, and the specific parameters which provide the shape of the GL1 
band can be determined. When the spectra contain overlapping bands, these parameters can be 
used to fit the shape of the bands and determine the relative contribution of each band to the 
spectrum. The parameters for the major bands in undoped GaN are listed in Table 4.1. 
Table 4.1. Parameters in Eq.(4.1) which describe the shape of PL bands in undoped GaN. 
PL band max  (eV) 
*
0E  (eV) Se 
RL1 1.78 2.22 6.5 
YL1 2.2 2.66 7.4 
GL1 2.4 2.92 8.5 
BL1 2.9 3.15 2.2 
 
4.2  Excitation Intensity Dependence 
Ideal experimental conditions are necessary to reveal certain bands in the PL spectrum. 
Varying the excitation intensity for SSPL is one means to reveal hidden bands as has been 
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suggested. In FIG. 4.2, the SSPL spectra for undoped GaN sample RS328 are shown for the 
RL1, BL1 and UVL bands, which are all present for the range of excitation intensities used. In 
undoped GaN sample 1007, we observe the YL1 band and not the BL1 band (FIG. 4.3).   
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FIG. 4.2: SSPL spectrum at T = 18 K of undoped GaN sample RS328 for Pexc = 2.9×10-5 – 0.2 W/cm2. Near-
band-edge emission is the peak at highest energies, followed by UVL and its phonon replicas. The BL and RL are 
broad defect-related bands. The long range oscillations are caused by Fabry-Perot interface in the thin GaN layer.  
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FIG. 4.3: SSPL spectrum at T = 18 K of undoped GaN sample 1007 for Pexc = 2.9×10-5 – 0.2 W/cm2. The near-
band-edge emission is the first peak at highest energies, followed by UVL and its phonon replicas. YL and RL 
bands are present at lower photon energies.  
However, if the excitation intensity is increased for undoped GaN sample RS280, the GL1 
suddenly emerges, as can be seen in FIG. 4.4. In other studies,55 ,60 it has been shown that the 
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GL1 band has a super-linear dependence on excitation intensity, since it originates from a defect 
which must first capture two holes before emitting GL1. 
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FIG. 4.4: SSPL spectra of undoped GaN sample RS280 at T = 100 K, for Pexc = 7.2×10-3 – 0.3 W/cm2. The 
exciton peak is cut for intensities above 5×109 rel. units. UVL, BL and RL bands are present for all excitation 
intensities, and GL rises super-linearly with increasing Pexc. 
4.3  Temperature dependence of PL Intensity  
Thermal quenching of PL bands occurs when holes bound to the related acceptors are thermally 
emitted to the valence band with increasing temperature. In this way, the intensity of the PL band 
will decrease with an activation energy related to the ionization energy of the defect. The thermal 
quenching of the RL, GL1, BL1 and UVL are shown in FIG. 4.5. All four bands are clearly 
resolved in this sample for the sample conditions given in the figure caption. However, in other 
spectra, one band may obscure another band until it is thermally quenched. For example, the 
UVL band in FIG. 4.6 quenches around 120 K and reveals a hidden BL1 band in undoped GaN 
sample RS320. Additionally, the RL band quenching reveals a YL1 band as a shoulder for T = 
180 K. While the UVL is quenched by 180 K, and the BL1 by 270 K, the YL1 band does not 
quench until 450 K, as can be seen in other measurements, not shown here.  
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FIG. 4.5: Temperature dependence of the SSPL spectra for undoped GaN sample RS280. Four defect-related 
bands are present at 100 K: UVL, BL1, GL1 and RL for Pexc = 0.19 W/cm2. By T = 320 K, all bands have 
significantly quenched except for the GL1.  
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FIG. 4.6: Temperature dependence of the SSPL spectra for undoped GaN sample RS320. Pexc = 0.02 mW/cm2. 
The UVL band begins to quench around T = 120 K, and reveals the BL band which quenches after T = 180 K. 
The YL and RL bands are not clearly resolved, but the RL in this case shows thermal quenching beginning 
around T = 150 K. 
4.4  Time-delay dependence of PL bands 
In TRPL, the decay of the PL intensity is measured as a function of time at select photon 
energies. The intensities of the PL for given time delays after the laser pulse are plotted for the 
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select photon energies and form a spectrum, as is shown in FIG. 4.7 for undoped GaN sample 
1007. The bands are fit using Eq. (4.1), and the parameters are listed in the caption.   
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FIG. 4.7: TRPL spectra at 0.3 and 30 s after the laser pulse, for undoped GaN sample 1007. At fast time delays, 
a GL band is seen with a peak at ~ 2.4 eV, and at longer time delays, and YL band with a peak around 2.2 eV 
becomes evident. T = 100 K. The bands are fit using Eq. (4.1) and the following parameters: (GL) Se = 8.5, 
max = 2.40 eV, and 
*
0E = 2.92 eV; and (YL) Se =7.4, max = 2.20 eV, and 
*
0E = 2.62 eV.  
The SSPL data can be compared with TRPL spectra to show that the same bands are 
being analyzed. In FIG. 4.8, the UVL band is clearly seen at 0.1 s in the TRPL spectrum and 
the SSPL agrees. The lifetime of the UVL, , is about 20 s. The GL1 band is present in the 
TRPL spectrum for short time delays at 0.1 s, with  = 2 s, but is not seen in the SSPL 
spectrum. With increasing time delay, the YL1 band emerges with a lifetime of 0.5 ms. Finally, 
the RL1 appears in the TRPL spectrum after 1 ms and has a lifetime  ≈ 1 ms. These data show 
very clearly the dependence of a PL band on time delay, and how it is possible to distinguish PL 
bands based on their characteristic and (usually) unique lifetime. This is very useful especially 
when PL bands are not easily distinguished. For example, in undoped GaN sample H202 shown 
in FIG. 4.9, with increasing time-delay, the GL1 band merges into a weakly resolved YL1 band.  
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FIG. 4.8: TRPL spectra (filled symbols) for undoped GaN sample 1007, for time delays of 0.1 – 3×103 s. SSPL 
spectra at T = 100 K taken for Pexc = 9.6×10-4 W/cm2 is plotted three times (dashed lines) but arbitrarily shifted to 
compare the PL bands observed in TRPL and SSPL. Both spectra clearly show the UVL band at any time delay. 
At short time delays, the TRPL show a GL band which is not seen in SSPL. At longer time delays, the TRPL 
spectra show RL1 and YL1 bands in agreement with the SSPL. The lifetimes of the UVL, GL1, YL1 and RL1 
bands are shown with open diamond symbols.   
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FIG. 4.9: TRPL spectra for time delays of 0.1 – 3×103 s. Sample is undoped GaN H202, T = 100 K. The shape 
of the GL band seen from 0.3 to 1 s and the YL band seen at 10 s can be fit using Eq.(4.1) and the following 
parameters: (GL) Se = 8.5, 
max = 2.40 eV, and 
*
0E = 2.92 eV; and (YL) Se =7.4, max = 2.20 eV, and 
*
0E = 
2.62 eV. 
Eq. (4.1) can be used to reveal the YL1 band using parameters obtained from more clearly 
resolved bands.      
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4.5  A new red luminescence band 
Red luminescence is easily identified in TRPL measurements. Previously, data have been 
shown for the RL1 band which has a characteristic PL lifetime of about 1 ms. Another RL band 
can also be seen in HVPE grown undoped GaN, except with a characteristic lifetime of about 20 
ns. This fast RL3 band, as it is called, can be seen in GaN samples when the RL1 band is not 
dominating the low-energy portion of the spectrum. In FIG. 4.10, the SSPL spectra are shown for 
undoped GaN sample RS280, with the RL3 band and the UVL and BL1 bands. The best way to 
identify the RL3 band is to perform TRPL measurements, since the RL3 band very quickly 
decays after a laser pulse. In FIG. 4.11, the time delay TRPL spectra are shown for 0.01 – 100 
s. At time delays less than 100 ns the RL3 band is the dominant defect-related band at the low 
energy side of the spectrum in both the TRPL and the SSPL.  
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FIG. 4.10: SSPL (Pexc = 2.5×10-5 W/cm2) and TRPL (N=0.0008) spectra for undoped GaN sample RS280, for T= 
100 K. The time delay for the RL band is less than 20 ns, which indicates it is different from the commonly 
observed RL1 band with a time delay of ~ 1ms.   
For increasing time delay, the RL3 transforms into the YL3 band which should also be 
distinguished from the well-studied YL1 band. The spectra in FIG. 4.11 are measured through 
the sapphire substrate which shows that the RL3 related defect is present in the bulk and at the 
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GaN/ sapphire interface, and is not surface–related. Both the RL1 and RL3 bands contribute to 
the SSPL spectra in samples where the RL3 is observed. It is difficult to distinguish one from the 
other in the SSPL spectra, and thus enhances the benefit of performing TRPL measurements to 
confirm the contribution of each band.    
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FIG. 4.11: SSPL (Pexc = 0.128 mW/cm2) and TRPL (N=0.01) spectra measured through the sapphire substrate for 
undoped GaN sample RS280, for T = 100 K. The presence of the fast RL3 band indicates it is not a surface-
related effect, but originates from defects in the bulk and at the GaN/sapphire interface. Other defect-related 
bands are the UVL, BL, and YL at longer time delays.  
4.6  Finding the ZPL for yellow luminescence 
The yellow luminescence band in GaN is the source of much controversy in the scientific 
community. It is practically ubiquitous in most room temperature PL spectra of intentionally and 
unintentionally doped GaN samples. The shape of the YL band is asymmetric and non-Gaussian, 
most likely due to electron-phonon interactions. The peak of the YL is typically centered-around 
2.20-2.25 eV. The center which causes the YL has been discussed for decades, and propositions 
have included Ga-vacancies, damage from ion implantation, carbon impurities, and various types 
of complexes involving dopants.5 The nature of the YL transition is also disputed. Early works 
attributed the YL band to transitions between shallow donors and deep acceptors, and although 
other more complex models proposed transitions between deep-double donors and acceptors, the 
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simpler model has won out. The shape, and temperature dependence of the YL suggests a simple 
donor-acceptor type transition. The origin of the defect remains unknown, albeit there are several 
good candidates at the moment. Until recently, the fine structure and ZPL have not been 
observed for the YL band. As will be shown below, steady-state and time-resolved studies reveal 
the fine structure of the YL in HVPE grown undoped GaN, and MOCVD grown Si-doped 
GaN.53 The fine-structure arises from the superposition of PL lines caused by local and LO 
lattice phonons. The YL band is shown to be identical in both Si-doped and undoped GaN and 
coming from the same defect.  
HVPE grown undoped GaN exhibits the most clearly resolved ZPL, and the SSPL spectra 
for sample H202 is shown in FIG. 4.12.  
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FIG. 4.12: (a) SSPL spectra of undoped GaN sample H202, where T = 18 K, and Pexc = 0.0002 W/cm2. The ZPL 
is seen at the high-energy side of the YL band. (b) Fine structure of the YL band in undoped GaN sample H202, 
obtained after subtracting the smooth component of the YL band using Eq.(4.1). T= 18 K, and Pexc = 0.0002 
W/cm2.  
The ZPL is indicated on FIG. 4.12 (a) with an arrow, and can be more clearly seen in FIG. 4.12 
(b). To reveal the the fine structure of the yellow luminescence, we subtract the smooth 
component of the YL1 band obtained from Eq. (4.1).  
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The SSPL and TRPL spectra of Si-doped GaN sample cvd3540 grown by MOCVD are 
shown in FIG. 4.13. The peak of the YL band in Si-doped GaN is 2.22 eV, which is 0.02 eV 
higher in energy than in undoped GaN grown by HVPE. The blue-shift is due to the Fermi level 
being shifted for degenerate, n-type GaN:Si. The shallow donors near the conduction band form 
a band of energies, and the corresponding transitions from this band of donor energies will be 
higher in energy. Although the ZPL is not as clearly seen in Si-doped GaN samples, it can be 
attributed to the abrupt drop in PL intensity at the high-energy side of the YL band at about 2.6 
eV. The shape of the YL band in Si-doped GaN can be fit with the same parameters as undoped 
GaN grown by HVPE and MOCVD, and thus we conclude that the YL band in undoped, 
unintentionally doped and Si-doped GaN is identical and caused by the same defect. 
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FIG. 4.13: (a) Normalized PL spectrum of Si-doped GaN sample cvd3540 grown by MOCVD. T = 18 K, and Pexc 
= 1 mW/cm2. Steady-state spectra is shown by the solid line, and the TRPL spectra is shown by the symbols 
taken 1-10 s after the laser pulse. The shape of the band shown by the dashed line is fit with Eq.(4.1) and the 
following parameters: 
max
PLI = 1, Se= 7.4, *0E = 2.68 eV, and max = 2.22 eV. The data for the TRPL and SSPL are 
normalized at the maximum for t = 1E-6 s. (b) A zoomed-in region of the SSPL spectrum near the ZPL. 
4.7  Temperature dependence of the PL lifetime 
A useful way to determine important information regarding a PL band is to analyze the 
temperature dependence of the PL lifetime. This can be done using formulas which were shown 
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in Chapter 2, and will be included here for convenience. The thermal quenching of the quantum 
efficiency was shown to be,  
 
0
0 0
( )
1 (1 )
A
A
T
Q


 

 
,  (4.2) 
where the parameters were explained in Section 2.1 A. Interestingly, the PL lifetime as a 
function of temperature behaves in almost the same manner as the quenching of the quantum 
efficiency, and can be described by the expression,11   
 
0
0 01 (1 ) AQ
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  (4.3) 
Again we state that,   
 
1 exp AA pA v
E
Q C N g
kT
    
 
,  (4.4) 
and, 
 0
1
nAC n
   . (4.5) 
According to Eq.(4.2), the PL intensity (which is proportional to the quantum efficiency) 
is temperature independent for temperatures below thermal quenching, but decreases 
exponentially for T > T0 where T0 is the characteristic temperature found when 0 0(1 ) 1AQ    in 
Eq.(4.2). Similarly, the PL lifetime changes with temperature with the exception that at low 
temperature, the lifetime is not constant (as is expected for the PL intensity) but decreases for 
non-degenerate samples since n is temperature dependent. The temperature dependence of the 
PL lifetime for undoped GaN samples H202, H203, RS331, RS330 and RS328, for the RL1, 
YL1, GL1, BL1, and UVL bands is shown in FIG. 4.14.  
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FIG. 4.14: (a-c) Temperature dependence of PL lifetime for undoped GaN samples H202, H203, RS330, and 
RS331. (d) Temperature dependence of the PL lifetime in a degenerate Si-doped GaN sample CVD 3784B. The 
dotted line for the UVL data is determined using Eq. (4.3) and the following parameters: EA = 165 meV, CpA = 10-
6 cm3/s and 
0 = 0.23 s.  The YL band is fit using a simple decaying exponential where EA = 50 meV, and 0 = 3.8 
s. 
All the bands except the GL1 show a temperature dependence on n according to Eq.(4.5). 
It is important to note that for T < 40 K, the PL decay after a laser pulse is non-exponential for 
the RL1, YL1, BL1 and UVL bands, and has a power dependence of about -1. This is expected 
for DAP transitions, and is confirmed by the fact that the PL decay becomes exponential for T > 
40 K as transitions originate from the conduction band. Conversely, in degenerate Si-doped GaN, 
the n(T) dependence of the lifetime at low temperatures is not observed. The data for sample 
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cvd3784B is shown in FIG. 4.14(d), and the independence of temperature for n can be seen by 
virtue of the fact that the lifetime does not vary at all at low temperatures. This also confirms that 
the electron capture coefficient is independent of temperature. The lifetime of the UVL band as a 
function of temperature in FIG. 4.14(d) is fit by Eq.(4.3). The temperature dependence of the YL 
band is fit with a simple exponentially decaying function, but the activation energy as given by 
the slope of the fit has uncertain meaning.  
4.8  Determining the concentration of free electrons  
In conducting solids, placed in such a way that the current flow through them is 
perpendicular to an external magnetic field, the flow of charges will experience a Lorentz force 
propelling them to either side of the conductor depending on the sign of the charge. This 
produces a voltage difference across the conductor which is perpendicular to both the electrical 
current and the magnetic field. This effect, known as the Hall effect, was discovered in 1879 by 
Edwin Hall.56 The potential difference across the sample which is being acted upon by an 
external magnet is the Hall voltage. Hall effect measurements are able to determine the 
concentration of free carriers in a semiconductor sample and the associated temperature 
dependence. In GaN grown by HVPE, there may be the presence of a degenerate layer located 
near the interface of the GaN and sapphire substrate which shunts the conductivity. At 
temperatures below 100 K, this layer is the main contributor of free electrons for the entire layer 
in the Hall effect measurements, and leads to erroneous estimations of the concentrations of free 
electrons as a function of temperature. A correction developed by Look called the two-layer 
model, may be applied to account for this degenerate layer.57,58   
The concentration of free electrons and mobility for several HVPE GaN samples were 
measured by the temperature dependent Hall effect, and the results of a representative sample 
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(2015) are shown in FIG. 4.15. The data are corrected using the two layer model, and the 
temperature dependence of free electrons can be fit using the following expression:57 
 2
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( ) 4 ( ) ( )
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 
  (4.6) 
Here, 3/2 1' exp( / )C DN T g E kT
   where g is the degeneracy of the donor state (g = 2), '
CN  is 
the effective density of states in the conduction band at T = 1 K ( 14' 5 10CN    cm
-3 for 
*
00.22m m ), ND and NA are the concentrations of shallow donors and acceptors, respectively, 
and ED is the donor activation energy. 
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FIG. 4.15: Hall effect data for the concentration of (a) free electrons, n, and (b) mobility, , for T = 30 – 330 
K. Sample is HVPE grown GaN (2015). The filled circles are the measured values and the empty squares are 
the corrected values from the two layer model. Parameters used for the corrected data are μ = (43.5±5.0) 
cm2/Vs and n = 21020 cm-3 for the degenerate interface layer, where d = 24 μm is the total GaN thickness. In 
(a), the solid line is fit using ND = 41017 cm-3, NA = 51016 cm-3, and ED = 17 meV.59  
The value of NA for this sample is estimated as 51016 cm-3 from the similarity in the temperature 
dependence of the electron mobility to the data presented in Ref. 57. To determine the 
concentration of shallow donors the data are fit, shown by the solid line in FIG. 4.15, and ND = 
41017 cm-3 with ED = 17 meV.   
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The temperature dependence of free electrons was determined for several samples, and 
the two-layer correction was applied to those which were affected by the degenerate shunting 
region. The data for these calculations are shown in Table 4.2.  
Table 4.2: Values of GaN samples for the concentrations of free electrons, n, and the PL lifetime, , for the 
UVL1, BL1, GL1, YL1, and RL1 bands.  
Sample 
number 
Thickness 
(μm) 
n (1016 cm-3) 
τ (μs) 
UVL BL1 YL1 RL1 GL1 
100K 180K 250K 100 K 180 K 180 K 180 K 250 K 
104 10.6 2.1 4.6 6 11 20 175 400 4.5 
201 15.3 6.8 14 18 8 23 120 290 3 
202 20.4 2.3 4.8 6.1 10  180 450 4.3 
203 21 3.4 7.4 9.4 7 18 100   
1007 22 1.8 3.6 4.3 20 55 320 950 9 
2057 24 2.2 4.5 5.4 9.5  155 360 4 
RS280 27 1.6 a) 13 a) 29 a) 100 390   49 
B73 200 0.83 1.3 1.4 63 220   30 
a) The two-layer model resulted in an unreasonable temperature dependence of n in sample RS280.  
Included in Table 4.2 are the values for the thicknesses of the samples and the measured 
PL lifetimes for specifically the UVL, BL1, GL1, YL1 and RL1 bands. As can be seen from 
Table 4.2, a large number of samples have been investigated which are unintentionally doped or 
Si-doped GaN layers. A majority of the undoped GaN samples were grown by HVPE at Nitride 
Crystals, Inc. The thicknesses of the samples ranged from 3 to 30 m, with the exception of a 
freestanding undoped GaN sample (B73) whose thickness is 200 m and which was grown by 
HVPE at the Samsung Advanced Institute of Technology. 
4.9  Electron capture coefficients 
From Eq. (4.5), electron capture coefficients, Cn,A, for PL bands can be determined if n 
and 0  are measured experimentally by Hall effect and PL measurements, respectively. The 
values in Table 4.2 provide the means to calculate the capture coefficients. This works well for 
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the UVL band since it is present in each sample that was studied, and the capture coefficient for 
the UVL band, Cn,UVL, is given in Table 4.3. However, for other samples with unknown 
concentrations of free electrons, an alternative method can be used. Since the UVL band is 
ubiquitous in all the measured samples and Cn,UVL is reliably determined from numerous 
measurements, the ratio of the PL lifetime for any band to the UVL lifetime, /A UVL  , at T = 100 
K can be used to determine the capture coefficient [Eq. (4.5)]. The capture coefficients for the 
BL1, YL1 and RL1 bands are determined by this method and listed in Table 4.3. Note that for 
the GL1 band, the lifetime at 250 K instead of 100 K was used, because both  and Cn,A have a 
strong temperature dependence at T > 100 K. The lifetime at 250 K and the temperature 
dependence of n for nine samples give the value of Cn,GL1 = (4±1)×10
-12. However, if a larger set 
of eighteen samples is analyzed using the ratio of the GL1 lifetime to UVL lifetime and Eq. (4.5)
, the ratio yields 
1(250K) / (100 ) 0.455 0.022GL UVL K     and the associated capture coefficient 
is 126.6 1.1( ) 10  cm3/s.  In the above estimations which use n, most of the error originates from 
the uncertainty in the determination of the concentration of free electrons. Incidentally, the 
values for 0  calculated from Eq.(4.5) agree well with the experimentally determined PL 
lifetimes, and thus we conclude that Cn,A is constant for the range of temperatures used in the 
experiment. The capture coefficient of GL1 is the exception. The range of temperatures for 
which the coefficients are constant are given in Table 4.3. However, for some samples, the 
capture coefficients for YL1 and RL1 exhibited a weak temperature dependence, and the reason 
for this is not yet understood.  
Furthermore, if the temperature dependence of the PL lifetime is measured, and the 
capture coefficient is measured for a particular band using another sample, the temperature 
dependence of the concentration of free electrons can be determined. This method is useful 
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especially for samples which have a heavy contribution from a degenerate region to the total 
electrical conductivity and give unrealistic values of n. 
Table 4.3: Capture coefficients for PL bands, CnA, where A represents the given band. Cn,UVL is determined from 
lifetime and hall effect measurements, and the rest are determined from the ratio of the given PL band lifetime to  
UVL lifetime at 100 K (except GL1 which is measured at 250 K). The range of temperatures for which Cn,A is 
constant is given.   
 UVL BL1 GL1 YL1 RL1 
Cn,A (cm3/s) 
12(3.0 0.5) 10    13(6 1) 10   12(6.6 1.1) 10   13(1.0 0.2) 10   14(4 1) 10   
/A UVL   - 4.64 0.12   0.455 0.022  29.9 1.1  74.4 2.3  
Constant for T ~ 40-100 K ~ 40-180 K - ~ 50-300 K ~ 50-300 K 
For example, sample RS280 showed an unexpected temperature dependence of n where 
the concentration increased from 161.6 10 cm-3 to 172.9 10  cm-3 as the temperature increased 
from 100 to 250 K by using the two-layer model for the Hall effect measurements. At room 
temperature, the value is 181 10n   cm-3. In contrast, the value of the concentration of electrons 
calculated from PL lifetime values is below 1016 cm-3 at room temperature, the lowest value for 
any sample measured. To obtain this value of the free electron concentration, the electron capture 
coefficients for the UVL (at T = 100 K), BL1 (at T = 180 K) and GL1 (at T = 250 K) bands were 
used. 
In conclusion, the PL lifetimes for many samples were measured and, in conjunction with 
the temperature dependence of free electrons obtained from Hall effect data, were used to 
determine electron capture coefficients for several defect related bands. Conversely, if the 
capture coefficients are previously determined through other means, the temperature dependence 
of n can be determined. Additionally the presence of a degenerate layer near the sapphire 
interface is confirmed.  
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Chapter 5: Green luminescence in undoped GaN 
 
 
 Green luminescence observed in undoped, high purity GaN samples grown by HVPE is 
perhaps the most interesting band studied yet. There are several interesting features about the GL 
behavior which lead to important conclusions and theories. In particular the decay of the GL is 
exponential at any temperature above 30 K which points to the fact that it is most likely caused 
by an internal transition between an excited state and ground state of the same defect. 
Additionally, the lifetime of the GL increases with increasing temperature, which is the only 
band in undoped GaN to do so. These interesting behaviors are explained here. The GaN layers 
for this chapter ranged in thicknesses of 10 – 30 m, and were deposited on c-plane sapphire 
substrates. The room temperature concentration of electrons is from 2 × 1016 to 4 ×1017 cm-3 as 
determined from temperature dependent Hall effect measurements. 
5.1  Exponential decay of GL at low and high temperature 
In FIG. 5.1, the logarithm of the GL intensity is plotted as a function of time. 
Interestingly, the decay is almost exponential at any temperature. The non-exponential tail of the 
PL decay can be attributed to contributions from the less intense and longer decaying YL band. 
With increasing temperature, the GL intensity becomes higher than the YL, and the tail 
disappears. The nature of the YL can be confirmed by plotting the TRPL spectra. Typically, 
defect related PL decays non-exponentially for temperatures below 50 K. At these temperatures, 
DAP recombination dominates since most electrons are frozen at the donor levels, and the nature 
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of recombination is affected by the Coulomb interaction between the pairs as well as the 
statistical processes associated with charge capture and recombination. Thus, the decay is non-
exponential for T < 50 K. With increasing temperature, electrons are thermally emitted to the 
conduction band, and transitions between the conduction band and defect levels have exponential 
behavior. A PL band which has exponentially decaying behavior at any temperature, such as the 
GL band, signifies that the transition is most likely an internal transition between an excited state 
of the defect and a ground state.  
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FIG. 5.1: The decay of the PL intensity is plotted on log-linear scale for the temperatures 100, 150, 200, and 
250 K. The decay is nearly exponential at any temperature, since the non-exponential tail can be attributed to 
the YL band.
max
PLI  is defined as the point where the slow decay begins; i.e., after the fast excitonic decay 
contribution.  
5.2  Unusual temperature dependence of GL lifetime 
In HVPE grown undoped GaN, the PL lifetime, , for most defect-related bands is 
undetermined for T < 30 K, and decreases with increasing temperature in accordance with the 
thermal quenching. This behavior is seen for the lifetime of the defect related bands (except 
GL1) in Section 4.7 and FIG. 4.14 and can be fit by the previously derived relationship:  
1
nAC n
  . (5.1) 
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Here, CnA is the electron capture coefficient for the acceptor associated with the PL transitions, 
The capture coefficient is a defect specific parameter which is given as the product of the 
electron capture cross section, nA , and the mean thermal velocity of electrons in the conduction 
band, n : 
 nA n nAC   .  (5.2) 
For most defect related PL bands, the PL lifetime decreases with increasing temperature, 
as the concentration of free electrons increases with temperature. However, this is not the case 
for the GL band. For temperatures below T = 100 K for undoped GaN samples H201 and 1412, 
and Bulk sample 73, the lifetime decreases slightly with an activation energy of 2 meV (for 
unknown reasons), and is independent of n; i.e., the lifetime at low temperatures is sample 
independent. The following empirical relationship was derived to fit the GL lifetime at low 
temperatures and is shown for H201 in FIG. 5.2: 60 
 
2 20 2( ) exp( / )T E kT      (5.3) 
where 
20 0.67 s   and 2 2E meV . The fact that the PL lifetime is independent of the 
concentration of free electrons at low temperatures helps to confirm the assumption that the GL 
is caused by an internal transition between an excited state of a defect and the ground state of the 
same defect. 60 As opposed to every other measured PL band in GaN, the lifetime of the GL 
begins to increase with increasing temperature after a specific temperature. 
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FIG. 5.2: lifetime as a function of temperature for the GL band in undoped GaN samples H201 and 1412, and 
bulk GaN sample #73. The GL data for H201 are fit with the dependence (T) = 1 + 2 from Eqs. (5.3) and 
(5.4), with the parameters a = 2.8 and 1(100 K) = 0.17 s, 20 = 0.67 s, and E2 = 2 meV. The low 
temperature portion of the GL data is fit by Eq. (5.3). 
The lifetime begins to increase at 100 K for sample H201, and above T > 50 K for samples 1412 
and 73 (FIG. 5.2). The high-temperature portion of the PL lifetime, 1 , for sample H201 can be 
empirically fit by the equation:60  
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 
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 
.  (5.4) 
In this expression, 1(100 )K = 0.17 s and a = 3.1 for sample H201. Interestingly, Eq.(5.1) still 
applies to these data, where the lifetime is inversely proportional to the concentration of free 
electrons. Intuitively, an increase in the concentration of free electrons should cause a decrease in 
the measured lifetime. However, Eq.(5.1) also contains the parameter CnA which surprisingly has 
a stronger effect on the measured lifetime and dictates the lifetime at higher temperatures. 
Specifically, CnA has a strong temperature dependence, although this is unusual for defects 
participating in radiative recombination.  If the temperature dependent Hall effect data for the 
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samples are used together with the measured PL lifetime, the capture coefficient as a function of 
temperature can be calculated. This is shown in FIG. 5.3. As can be clearly seen, CnA decreases 
by two orders of magnitude with increasing temperature. The dependences for three samples are 
shown and can be fit using a power law of the form 60  
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.  (5.5) 
Here, (100 )nAC K = 3 × 10
-11 cm3/s for samples 1007 and 73 (lines 1 and 2, respectively), and is 
equal to 2.3 × 10-11 cm3/s for sample RS280 (line 3). The parameter b = 2.5, 3.0, and 3.3 for the 
lines 1, 2, and 3, respectively. From Eq. (5.5), it can be seen that the CnA data decrease 
proportionally to bT  with b ≈ 3. This inverse cubic temperature dependence is characteristic of 
involving an attractive center, and is very similar to that of the electron capture cross section of 
giant traps.10, 61  
Interestingly, giant traps have previously only been probed by photoconductivity 
experiments of the lifetimes in Si and Ge, and they are speculated to involve non-radiative 
transitions. Giant traps are attractive centers in semiconductors with large capture cross sections 
for electrons and holes on the order of 102 – 104 nm2 at liquid He temperatures.10, 62, 63 The 
capture cross section is temperature dependent since carriers can be thermally ejected back into 
the conduction band with increasing temperature. The actual trap itself has Coulomb excited 
states similar to a hydrogen atom, and after capture, the electrons transition through the excited 
states to the lowest level releasing energy via single phonon emission. This is called cascade 
capture and was postulated by Lax and other researchers in the 1960’s. The characteristic feature 
of giant traps is their inverse cubic temperature dependence of the capture cross section. Thus, it 
was surprising that the GL capture coefficient, and consequently the capture cross section [Eq. 
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(5.2)], behaves as a non-radiative giant trap. Typically, radiative transitions involve capture 
coefficients which are independent of temperature. In order to explain the unusual behavior, the 
following model was developed involving an attractive center with an excited state near the 
conduction band and a corresponding lifetime composed of a two-step process. 60 
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FIG. 5.3: The dependence of temperature for the electron capture coefficient for the GL band in undoped 
GaN samples 1007 and RS280 and bulk GaN sample 73. The data are fit using Eq. (5.5) and with CnA (100 
K) = 3 ×10-11 cm-3/s, for lines 1 and 2, and 2.3 × 10-11 cm-3/s, for line 3. The parameter b in Eq. (5.5) is equal 
to 2.5, 3.0, and 3.3, for lines 1-3, respectively. Reprinted with permission from Reshchikov et al., Phys. Rev. 
B 93, 081202(R) (2016). ©2016 American Physical Society. 60 
In our model, the attractive defect center has two transition levels in the bandgap, such as 
in the case of the theorized NC  defect. Under above-bandgap illumination, a hole is first captured 
by the NC  defect at the -/0 transition level. Electronic transitions from the conduction band to this 
level are presumably the cause of a yellow luminescence band in undoped GaN, but this remains 
under question. With increasing excitation intensity, the GL band emerges in PL measurements 
with a super-linear dependence on excitation intensity. Within this model, the defect must 
capture two holes to produce GL in order to explain the GL excitation intensity dependence. 
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Thus, the NC  defect captures two holes, and the 0/+ transition level becomes active. 
Simultaneously, it is predicted that the NC  defect has an excited state located close to the 
conduction band. The GL is then caused by an internal transition between these two states, which 
is consistent with the exponential PL decay at low temperatures.  
  
FIG. 5.4: Diagram of electron transitions associated with the GL band and shape of GL band at 30 K 
(inset).  The attractive center is able to capture two holes, and becomes the positively charged 0/+ transition 
level after the second capture (shown by a dashed arrow from the valence band). To produce GL, an electron 
is first captured non-radiatively by the excited state (level 1) and cascades down by the Lax mechanism to a 
lower energy level. An internal transition from level 1 to level 2 causes the GL. Since the PL lifetime is 
governed by these two additive processes, the longer of the two lifetimes will determine the measured PL 
lifetime. Reprinted with permission from Reshchikov et al., Phys. Rev. B 93, 081202(R) (2016). ©2016 
American Physical Society. 60  
The remaining piece in the puzzle is the unusual temperature dependence of the PL 
lifetime which may now be explained by assuming that the excited state of the associated defect 
(level 1 in FIG. 5.4) behaves as a giant trap. If this is indeed the case, electrons will be captured 
by this giant trap and transition non-radiatively through the ladder of excited states to level 1, 
before they recombine radiatively with one of the bound holes at level 2 (FIG. 5.4). These two 
processes will both have related lifetimes, and the measured lifetime is then the sum of these two 
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processes. The temperature dependence of the lifetime will be simply 1 2( )T    , where 1 , 
given by Eq. (5.4) is the high temperature portion and is dependent on the electron capture by the 
giant trap. This lifetime has an inverse cubic temperature dependence. The second lifetime, 2 , is 
the low temperature portion of ( )T  and is given by Eq. (5.4). This lifetime is the waiting time 
for an electron at the bottom of level 1 to recombine with a bound hole at level 2. From the data 
in FIG. 5.2 and the calculated dependencies from Eqs. (5.4) and (5.5), it can be seen that the PL 
lifetime is dictated by 2  at low temperatures, and by 1  and the cascade capture of electrons by 
the giant trap at high temperatures. Typically, lifetimes of radiative PL bands have inverse 
relationships due to the competing nature of available channels for recombination. In the case of 
GL, however, the lifetime is an additive process.  
An analytical expression can be developed for the decay of the PL intensity as a function 
of time, taking into account the additive lifetimes. Let us assume that AN

 is the total 
concentration of attractive centers with two bound holes and either an electron in the excited 
state (level 1) which we will label 1N

, or without an electron in the excited state which we label 
2N

, so that 1 2AN N N
    . We may use the NC  defect as an example. After the laser pulse, the 
concentration of AN

will decay in time as electrons from level 1 recombine at level 2. This is an 
internal transition and is governed by the lifetime 2 . We can describe the change in the 
concentration of AN

 by the relationship, 
 1
2
AdN N
dt 
 
  .  (5.6) 
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The concentration of defects with two bound holes and an electron in the excited state will be 
reduced as electrons recombine with a bound hole in the ground state, and the concentration will 
increase as electrons are captured non-radiatively by the giant trap-like excited state. Thus,  
 1 2 1
1 2
dN N N
dt  
  
  .  (5.7) 
By solving this system of equations, an analytical expression for the decay of the PL intensity as 
a function of time is derived and given as, 60  
 1 2 1 2
1 2
(0)
( ) (0)
t t t t
PL PLANI t e e I e e   
 
       
      
       
.  (5.8) 
In this expression, (0)AN

 is the concentration of the center with two bound holes immediately 
after a laser pulse has saturated the -/0 level of the NC  defect with holes. We define (0)
PLI  as the 
initial value of the slow component of the PL intensity immediately after a laser pulse. This is 
shown on FIG. 5.1 and is labeled as max
PLI . From Eq. (5.8), the PL intensity will be dictated by the 
one of the two lifetimes for low and high temperatures. At low temperatures, the cascade capture 
of electrons will be very fast such that 1 2   and Eq. (5.8) will be approximately
2( ) (0)exp( / )
PL PLI t I t   , and thus governed by the lifetime of the internal transition. At high 
temperatures, the excited state, level 1, will thermally eject electrons to the conduction band and 
the lifetime for an electron to become available for internal recombination will become longer 
with increasing temperature. In this case, 1 2  , and Eq. (5.8) will be governed by the 
lifetime of the electron in the giant trap. From this, we conclude that the measured PL lifetime 
will be determined by the longer of the two individual lifetimes, since the measured PL lifetime 
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as a function of temperature is given as the sum of 1  and 2 . This is experimentally verified by 
fitting the data in FIG. 5.2 as the sum of Eqs. (5.3) and (5.4). 
Eq. (5.8) provides predictions for the values of max
PLI  as a function of temperature. FIG. 
5.5 shows the predicted (solid line) and experimentally determined values of  max
PLI (squares) as a 
function of temperature. Additionally the temperature dependence of the lifetime (triangles) is 
shown for comparison. The decrease in max
PLI for T > 40 K is both predicted and seen 
experimentally, and occurs concurrently with the increase in the PL lifetime, as a result of 1  . 
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FIG. 5.5: PL lifetime (triangles) and PL intensity maximum after a laser pulse, 
max
PLI , (squares) as a function of 
temperature, for the GL band in GaN sample RS280. The fits for 
max ( )
PLI T and (T) = 1 +2 are calculated from 
Eqs. (5.3), (5.4), and Eq. (5.8) using the same parameters given in the caption of FIG. 5.2. The parameters 1 
and2 from (T) are shown as dashed and dotted lines, respectively. The measured and calculated 
dependences of 
max (T)
PLI are normalized to 100% at 40 K. The GL decay kinetics at 500 nm are shown in the 
inset for 100 K. Reprinted with permission from Reshchikov et al., Phys. Rev. B 93, 081202(R) (2016). © 
2016 American Physical Society.60 
The capture cross section of the attractive center, supposedly NC , at various temperatures 
can be calculated for our measurements, and is estimated as 
183 10nA
  cm2 at T = 100 K, and 
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1910nA
  cm2 at T = 300 K. Although the original values of the giant trap cross sections were 
at least two orders of magnitude larger (between 10-17 and 10-14 cm2 at T = 300 K), these values 
were measured for defects in Si and Ge. Furthermore, photoconductivity methods were used to 
measure the lifetimes and from this to estimate the capture cross sections. In this way, the 
lifetime of the escape of the electron from the giant trap to the conduction band is measured, as 
opposed to our methods which measure the waiting time of the electron in the excited state 
before it internally recombines at the ground state. This may be the cause of the discrepancy in 
the capture cross section values.  
In summary, the lifetime of the GL in undoped high purity GaN grown by HVPE is 
significantly different and demonstrates interesting behavior as opposed to other PL bands in the 
same samples. Specifically, the lifetime increases dramatically with increasing temperature, and 
is characteristic of being caused by an attractive center. Additionally, the PL decay at any 
temperature is independent of temperature, which indicates that the related transitions are 
internal transitions. Furthermore, the lifetime of the PL can be described by two processes which 
collectively contribute to the measured dependences with greater value at low and high 
temperature, such that one lifetime will dominate over the other depending on the temperature. 
The capture coefficient and thus the electron capture cross section of the related defect has an 
inverse cubic temperature dependence which is surprisingly similar to the capture cross section 
of giant traps observed in Si and Ge. We explain this model by suggesting that an attractive 
center with two transition levels in the bandgap, such as the NC  defect, captures two holes after a 
laser pulse, and simultaneously creates an excited state near the conduction band. This excited 
state behaves like a giant trap. Internal PL transitions occur between this excited state and the 
ground state of the attractive center, and the lifetime is the sum of the electron waiting time in 
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the giant trap-like excited state, and the time of recombination of the electron with a bound hole 
at the 0/+ transition level of the attractive center.   
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Chapter 6: Luminescence in Mg-doped GaN 
 
Magnesium is considered to be the only viable impurity for obtaining p-type conductivity 
in GaN. During HVPE or MOCVD growth of Mg-doped GaN, the MgGa defect is introduced as a 
shallow acceptor64,65,66  with an ionization energy of ~ 200 meV. 67,68 In Mg-doped GaN, self-
compensation can make it difficult to obtain reliable p-type conductivity. Hydrogen during 
growth passivates the Mg forming complexes instead of optically active defects, yet H also 
causes the Fermi level to be shifted away from the valence band which allows for incorporation 
of Mg.69 With increasing concentration of Mg, the room temperature concentration of holes 
increases until about 1018 cm-3, which corresponds to a Mg concentration of 3×1019 cm-3, and 
beyond this point, the hole concentration decreases with a further increase in Mg.70 
Luminescence studies on Mg-doped GaN provide basic information on the defect properties and 
the nature of the transitions. In this chapter, we briefly discuss the effect of temperature and 
excitation intensity on the SSPL and the effect of both of these on the time delay of the UVL and 
BL bands in heavily doped, GaN:Mg.  
6.1  Effect of excitation intensity on GaN:Mg 
The Mg-doped GaN sample (R2-1840) used for this work was grown at Nitride Crystals 
by HVPE, on c-plane sapphire. The total thickness of the layer is 4.7 m, with n-type GaN as the 
first layer (3.7 m), and a Mg-doped p-type layer (1 m) as the top layer. The samples did not 
receive any post-growth annealing, although annealing is necessary in MOCVD growth to 
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activate the Mg acceptors. The flow of NH3 in the HVPE growth was lower than typical values 
for MOCVD grown samples, and p-type conductivity was obtained without annealing.  
The steady-state PL spectra taken at T = 18 K for various excitation intensities are shown 
in FIG. 6.1. For high excitation intensities of Pexc = 0.2 W/cm
2, the UVL band completely 
dominates in the spectrum, and conceals a faint BL band as its shoulder. As the excitation 
intensity is reduced, the BL band emerges, and is comparable in intensity to the UVL band at 
Pexc = 0.03 mW/cm
2. Both the UVL and the BL bands are assumed to be caused by transitions to 
the MgGa acceptor. From the shape of the UVL band and a peak shift of 20 meV of the ZPL with 
increasing excitation intensity, it can be attributed to transitions from a shallow donor (low 
temperature) or the conduction band (high temperature) to the MgGa acceptor.    
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FIG. 6.1: (a) SSPL spectra for p-type Mg-doped GaN sample R2-1840, for T = 18 K, and Pexc = 2.8×10-7 – 0.2 
W/cm2. The UVL band is seen for the whole range of excitation intensities, and the BL band is seen for Pexc < 
0.001 W/cm2 since the BL-related acceptor becomes saturated with photo-generated holes above these excitation 
intensities. (b) A zoomed-in region of the UVL peak shift with arrows indicating the peak shift.  
The red-shift of the UVL band and its broadening with decreasing excitation intensity are 
well-studied and commonly reported,31,71,72,73,74,75 and a shift of the BL peak typically on the 
order of 0.1 eV is reported in numerous works. 71,72,73,74,75,76,77 In FIG. 6.1, the peak of the BL in 
the SSPL spectra is difficult to observe since it is obscured by the UVL band until lower 
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excitation intensities, where the BL peak red shifts. If the spectra are measured at temperatures 
greater than 120 K, the UVL band quenches and reveals the BL band. This is seen in FIG. 6.2, 
where the UVL band at T = 130 K is only seen as a shoulder on the high energy side of the BL 
band at 0.2 W/cm2. With increasing excitation intensity, the peak of the BL band blue-shifts by 
about 134 meV.  
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FIG. 6.2: SSPL of Mg-doped GaN sample R2-1840. The BL band is shown for Pexc = 0.2 – 2.8 ×10-7 W/cm2 and 
T = 130 K. The total shift of the BL peak with increasing excitation intensity is 134 meV. The data are 
normalized. 
The shift of the UVL band with increasing excitation intensity may be explained by either 
the presence of potential fluctuations or its DAP nature. 5,31 Potential fluctuations are present in 
samples with an inhomogeneous distribution of charged defects. Regions with a high density of 
impurities will cause a change in the potential landscape, where high concentrations of donors 
will cause valleys in the conduction band, and high concentrations of acceptors will cause hills in 
the valence band. Free electrons and holes under UV illumination are trapped in these valleys 
and hills, respectively. During low intensity illumination, recombinations will occur between the 
hills and the valleys, resulting in diagonal, lower energy transitions. With increasing excitation 
intensity, the potential fluctuations are flattened, and transitions will become vertical with a 
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higher emission energy. The sample used for these measurements is heavily compensated and 
has a high concentration of Mg impurities which would allow the presence of potential 
fluctuations, and may be able to explain the blue-shift of the UVL band with increasing 
excitation intensity. For the UVL band, it is most likely that the blue-shift is caused by potential 
fluctuations and not their DAP nature, although the UVL band originates from DAP transitions. 
This may be explained by the large blue-shift of the UVL band. If the shift was due to DAP 
nature, the amount by which the UVL band could shift should be less than half of the ionization 
energy of the shallow donor.78 Since this is not the case, long range potential fluctuations may 
explain better the large shift.  
  On the other hand, the blue-shift of the BL band with excitation intensity may be a 
result of deep DAP transitions. 31 Recombinations which occur between distant pairs can occur 
with similar probability to transitions between close pairs, as long as the excitation intensity is 
relatively low. Distant pairs have small overlap of the wavefunctions, and transitions between 
them will have relatively long lifetimes. Close pairs, with greater overlap of the wavefunctions, 
will recombine faster. With increasing excitation intensity, the recombinations due to distant 
pairs will saturate since the close pairs will begin to recombine faster. Thus, the energy of 
emission will blue-shift with increasing excitation intensity as close pairs become the dominant 
contributor. The level of the donor is most likely deep, since the Coulomb interaction between 
the donor and acceptor pairs pushes the levels towards the edge of the bandgap,79 and shallower 
levels would disappear into the conduction band.    
6.2  Effect of temperature on the peak position of BL and UVL  
Temperature has a similar effect on the peak position of the BL and the UVL bands. In 
FIG. 6.3, the red-shift of the BL band with increasing temperature is seen for Pexc = 0.2 W/cm
2. 
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The red-shift of the BL band with increasing temperature also hints to its deep DAP nature. The 
strong Coulomb interaction is expected to push the donor levels closer to the conduction band. 
With increasing temperature, the close pairs will lose their electrons as they are ionized to the 
conduction band, and the emission spectra will be a result of the remaining distant pairs, which 
have lower emission energy and are further from the conduction band, such that their electrons 
are not thermally emitted at the same temperature as the close pairs.   
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FIG. 6.3: SSPL of Mg-doped GaN sample R2-1840, with Pexc = 0.2 W/cm2. The temperature increases from 120 
to 310 K, and the corresponding peak shift is 174 meV to lower energies. The data are normalized.  
In order to understand this effect, the temperature shift as a function of excitation 
intensity must also be analyzed. As can be seen in FIG. 6.4(a), the temperature-induced shift of 
the BL band peak for Pexc = 0.2 W/cm
2 is significant for the whole range of temperatures. At 
high excitation intensity and low temperature, the BL is a result of recombinations between close 
pairs. With increasing temperature, close pairs thermally emit their charges and distant pairs 
dominate the contribution to the BL. The large shift in the BL peak at high excitation intensity is 
due to recombination from closer pairs to more distant pairs. In contrast, the temperature-induced 
shift for Pexc = 0.00017 W/cm
2 is weakly dependent on temperature for T < 150 K, since distant 
83 
 
pairs contribute at low excitation intensity, and transform into more distant pairs at higher 
temperatures. The corresponding shift of the BL peak will not be as extreme at low excitation 
intensity. The same behavior is seen in FIG. 6.4(b). The BL peak shift as a function of excitation 
intensity is greater at lower temperatures, since the close pairs still can contribute at lower 
temperatures. The emission spectrum at low temperatures will show the contribution of the close 
pairs at high excitation intensity and the contribution of the distant pairs at low excitation 
intensities. With increasing temperatures, the close pairs will thermally emit the charges, leaving 
only the distant pairs to contribute to the spectrum, and the change in the peak position will not 
be as significant as it is at low temperatures.  
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FIG. 6.4: The peak intensity of the BL band in Mg-doped GaN sample R2-1840. (a) the change of the BL peak 
position with increasing temperature and for Pexc = 0.00017 and 0.2 W/cm2. (b) The dependence of the BL peak 
position on excitation intensity for T = 130, 200 and 295 K.  
6.3  Effect of time-delay on the peak position of BL and UVL 
TRPL can confirm the nature of the DAP transitions.32 The peak position of the PL bands 
red-shifts with increasing time-delay, which signifies that close pairs (higher emission energy) 
contribute at fast time-delays and distant pairs (lower emission energy) contribute at longer time 
84 
 
delays. In TRPL measurements, both the BL and UVL bands can be clearly resolved, if they are 
measured at the optimal temperatures. In FIG. 6.5, the time-resolved spectra of the UVL band 
measured at T = 18 K are shown for time delays of 3×10-7 to 1×10-5 s. The lines from a SSPL 
spectrum for two excitation intensities are shown also on the graph and correspond to the shape 
measured in TRPL. The peak of the UVL band red-shifts with increasing time after the laser 
pulse by about 30 meV, but it is unclear whether the shift originates from potential fluctuations 
or from the DAP nature. At short time delays, close pairs will be the main contributor to the 
spectrum and will have higher transition energies. As time increases, distant pairs will begin to 
contribute with lower transition energies and a longer time-delay.  
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FIG. 6.5: TRPL spectra (symbols) of the UVL band for p-type Mg-doped GaN sample R2-1840, and for T = 18 
K. N= 0.01.The spectra is measured for time delays of 0.3 to 30 s after the laser pulse. The UVL band is most 
intense for short time delays. SSPL spectra are shown for comparison taken with Pexc = 0.2 (dotted line) and 100 
W/cm2 (solid line).  
The same can be seen for the BL band in FIG. 6.6. Its red-shift with increasing time delay 
signifies that it arises from DAP transitions. This shift in the BL peak position is most likely due 
to a deep donor to shallow acceptor, since the strong Coulomb interaction between the deep-level 
pairs is sufficient to explain the red-shift of 80 meV. The shift of the BL peak with time-delay 
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has a temperature dependence as can be seen in FIG. 6.7 which again points to the nature of the 
deep-donor involved with the transition. 
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FIG. 6.6: (a) TRPL spectra of the BL band in  p-type Mg-doped GaN sample R2-1840, and T= 130 K. With 
increasing time delay, the peak of the BL band red-shifts. (b) The data are normalized to the peak of the BL band.  
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FIG. 6.7: BL peak dependence on time delay for p-type Mg-doped GaN sample R2-1840, at N = 0.01, and T= 
130, 200, and 295 K. BL peak red-shifts with increasing time-delay. 
In conclusion, the UVL and BL bands have been studied in Mg-doped GaN samples 
grown by HVPE. The shift of the peak position for the UVL band indicates the presence of 
potential fluctuations which may be expected in heavily compensated GaN. The same shift of the 
BL band however is attributed to DAP transitions between a deep donor and a shallow acceptor. 
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This may be deduced since with increasing temperature, the BL peak redshifts, signifying the 
thermal emission of close pairs, and the contribution resulting from distant pairs. 
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Chapter 7: Conclusions and Future Outlook 
 
 
Understanding the behaviors of point defects in GaN as they pertain to PL measurements 
has been the goal of this work. The methods of TRPL and SSPL were used together to determine 
much useful information regarding the shape and position of unresolved PL bands, the PL 
lifetime of defect-related luminescence, capture coefficients of defects, and the concentrations of 
free electrons in the studied samples. Additionally, SSPL measurements are able to identify the 
nature of transitions such that DAP origins can be distinguished from eA transitions, and from 
TRPL measurements, external transitions are altogether differentiated from internal transitions 
between an excited state and ground state of the same defect.  
Several major defect-related PL bands were studied in this work which are specifically 
the UVL, BL, GL, YL and RL bands. The samples studied were either high-purity undoped GaN 
layers grown by HVPE or GaN layers grown by MOCVD with varying doping levels. The 
lifetimes of these bands were investigated using TRPL measurements, and a theoretical 
consideration on the various lifetimes of electron and hole capture by defects was presented. The 
lifetimes of defect related luminescence ranged from 10 ns from a very fast RL3 band, to 1 ms 
for a much slower RL band. Average lifetimes were in the range of 10 s to 1 ms for most of the 
defect-related PL bands.   
The concentrations of free electrons were determined by obtaining the capture 
coefficients of defects from well-resolved PL measurements and from the measured PL lifetimes. 
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These values were compared with temperature dependent Hall effect data, and showed that in 
some samples, the presence of a degenerate layer near the GaN-sapphire interface produced 
erroneous results from the Hall effect data.  
The lifetime of most defect-related bands decreases with increasing temperature, except 
for the GL band (2.4 eV). The GL band is usually seen at high excitation intensities and is 
characteristic of an internal transition. Pertaining to the unusual temperature dependence of the 
lifetime, the capture coefficient of the GL-related defect showed a strong temperature 
dependence which behaved very similarly to that of giant traps, or attractive centers in 
semiconductors with very large capture cross sections at low temperatures. The increase in the 
lifetime of GL with increasing temperature can be explained if the optically created excited state 
of the CN defect, which presumably causes the GL, acts like a giant trap, and internal transitions 
from this giant-trap-like excited state to the ground state, 0/+ level of the CN defect produce GL. 
The measured PL lifetime of the GL is a sum of the lifetime of electron capture by the giant trap 
and the lifetime of the internal transition. This is the first observation of an optically generated 
giant trap.  
The UVL and BL bands in Mg-doped GaN grown by HVPE were studied by varying the 
excitation intensity and temperature, and by using time-resolved studies. The position of the 
UVL (3.2 eV) peak blue-shifts with increasing excitation intensity, which can be explained by 
the presence of potential fluctuations. The BL peak (2.8 eV) also blue-shifts with increasing 
excitation intensity, and red-shifts as a function of temperature. These shifts can be explained by 
the transitions originating from a deep-donor to the MgGa acceptor, and the corresponding donor-
acceptor pair nature. This may be deduced since with increasing temperature, the BL peak 
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redshifts, signifying the thermal emission of close pairs, and the remaining contribution resulting 
from distant pairs. 
Many unsolved puzzles regarding defect-related luminescence remain. For undoped GaN 
samples, the origins of the RL, YL, and GL have been speculated but much uncertainty remains. 
Additionally, multiple types of luminescence are in close proximity to each other for the RL and 
YL regions, and each well-resolved band must have a distinct origin. Interestingly, some of these 
bands may be related to each other by first and second charge states of the same defect. By 
performing careful excitation intensity and temperature dependent measurements, the correlation 
between bands can be shown.  
Further mysteries remain for the Mg-doped GaN samples which depending on doping 
levels show the UVL and BL bands. Interesting behavior includes the peak shift of both the UVL 
and BL bands with temperature and excitation intensity, bleaching of the BL band, an interesting 
correlation between lifetime and ATQ, and hysteresis in the thermal quenching.  
Defects in GaN may also be studied by uniaxial stress measurements where the samples 
are immersed in liquid helium, stress is applied, and the defect-related luminescence is measured. 
This rare and unexplored technique may shed light on the origin of defects. Data obtained from 
PL measurements should be compared with data obtained from secondary ion mass 
spectroscopy, positron annihilation spectroscopy, deep level transient spectroscopy and electron 
paramagnetic resonance measurements to gain deeper insight on the microscopic origins and 
properties of the point defects in GaN.  
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